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The rate of isothermal bulk crystallization of poly(chlorotrifluoroethylene), 7 7 m =221° C, 
was measured from 170° to 200° C. The intrinsic bulk crystallization, which accurately 
followed anw=2 law, was shown to be a result of the injection of primary nuclei sporadically 
in time, with one-dimensional growth of centers derived from these nuclei. The crystal- 
lites are exceedingly small. The one-dimensional growth process was isolated by nucleating 
specimens with seed crystals, and its temperature-dependence determined between 191° 
and 205° C. The seed crystal isotherms followed an n= 1 law. The temperature coefficients 
of the rate of nucleation and the rate of growth were both strongly negative. 

A theory of homogeneous nucleation that takes into account the segmental character 
of the polymer chains is developed in some detail. A cylindrical nucleus is assumed. In 
the temperature range near the melting point, region A, where the radius and length of the 
nucleus are unrestricted, the rate of nucleation is shown to be proportional to exp( — a/T 3 AT 2 ) . 
The nucleation rate is proportional to exp( — 0/T 2 AT) in region B, which extends from some- 
what below the melting point to considerably lower temperatures; the length of the nucleus 
has a constant value /o in this region, but the radius is unrestricted. (In the above expres- 
sions, a and |8 are constants). Finally, at sufficiently low temperatures, region (< is entered. 
Under- certain circumstances, the rate of nucleation in region C will be extremely rapid, 
and correspond to a "nucleative collapse" of the supercooled liquid state. A calculation of 
t Lie one-dimensional growth rate shows that it is proportional to exp(— y/T^AT) where p = y. 

A careful analysis of the experimental data obtained between 170° and 200° C clearly 
showed that both the rate of nucleation and the rate of growth were proportional to 
<>x\)( — f3/T 2 AT), and not exp( — a/T*AT 2 ). The primary nucleation event was thus of type 
B in this interval. A detailed analysis of the data is given, and surface free energies and the 
dimensions of the nuclei quoted. Quenching experiments, where the polymer was crystal- 
lized well below 170° C, gave a firm indication of the existence of region C. 

An experimental study was made of the extremely slow crystallization process that 
prevailed when the degree of crystallinity became high. The onset of this stage of the crys- 
tallization was interpreted as being the result of a massive degree of impingement. This 
interpretation is justified by the calculations of Lauritzen, who has given a theory of im- 
pingements that predicts a pseudoequilibrium degree of crystallinity. 

As indicated above, the growth process originating at homogeneous nuclei is not of a 
three-dimensional or spherulitic character in the region of study. Such stray spherulites 
as do appear in this region are shown to originate at heterogeneities. The possibility that the 
intrinsic growth process may become three-dimensional at crystallization temperatures 
sufficiently near T m is discussed. 

1. Introduction time for samples of polymer that had been initially 

superheated far above the melting point. As ex- 
Poly(chJorotrifluoroethylene) is a linear homo- pected from the work of Turnbull [l], 1 the strong 
polymer that possesses a strong tendency to crystal- superheating greatly subdued the effect of embryos 
lize when stored in the supercooled state. This paper stabilized in pores or fissures in heterogeneities, and 
is concerned with a detailed experimental and led to highly reproducible results. Inasmuch as the 
theoretical study of this phenomenon. Rate of relationship between volume and degree of crystal- 
crystallization studies were carried out on this Unity, x, is accurately known [2] for poly(chlorotn- 
polymer with three basic objectives in mind. In fluoroethylene) , the isotherms were expressed as 
enumerating these objectives below, the opportunity plots of x versus log t, where t was the time as 
is taken to touch briefly on the methods and reason- measured from the inception of the experiment. In 
ing used to attain them. general, the free bulk growth rate may be repre- 
Thc first objective of the work was to determine sented as x' = Zt n , where n is a number depending on 
the experimental conditions conducive to homo- the type of nucleation and the geometry of growth, 
geneous nucleation, and to investigate the geometry and Z is a rate constant. It was determined by a 
of crystal growth under these conditions. The basic straightforward analysis of the data that the iso- 
aim here was the uncovering of intrinsic properties therms obtained with strong superheating cor- 
of the polymer, as opposed to those resulting from responded to x'=Z 2 £ 2 , i.e., to n=2. This suggested 
interaction of the polymer with foreign bodies. that the crystallization was a result of one-dim en- 
Overall (bulk) crystallization isotherms were sional growth of primary nuclei that were born at 
obtained at various temperatures below the melting 

point by measuring the decrease Of Volume with i Figures in brackets indicate the literature references at the end of this paper. 
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later and later dates. The alternative, and alto- 
gether less likely, explanation is that the crystalliza- 
tion was the result of two-dimensional growth of 
objects born at the same time. Any ambiguity in 
the result that the mode of growth was of a one- 
dimensional character was removed by carrying out 
a crystallization initiated by seed, crystals arising 
from a previous run where the free bulk growth rate 
was described by n = 2. It was determined that 
n=\ when the crystallization was initiated by such 
seed crystals. The only physically reasonable inter- 
pretation for a free bulk growth rate where n=\ is 
that the crystallization was due to one-dimensional 
growth of objects born at the same time. These 
experiments made it clear that the isotherms for 
which the n , = 2 growth law was observed are in fact 
to be interpreted in terms of one-dimensional growth 
of objects born at later and later dates. The birth 
of objects at later and later dates may arise from 
either true homogeneous nucleation, or pseudo- 
homogeneous nucleation, the latter being a result of 
nearly sporadic initiation on flat surfaces on hetero- 
geneities (see below). 

The fact that it can be demonstrated that the 
primary nuclei are born at later and later dates does 
not in itself necessarily mean that the nucleation is of 
a truly homogeneous character. Homogeneous nu- 
cleation refers to that process where crystallization 
centers are spontaneously formed at random positions 
in the pure mother phase by thermal fluctuations. 
Such a process is characterized by a rate of produc- 
tion of nuclei per unit volume of mother phase that is 
truly constant in time, except perhaps for a very short 
induction period. However, a process of a rather 
similar character can take place on flat surfaces on 
any heterogeneities that may exist in the system. In 
(his case, fluctuations near flat surfaces that are wet- 
table by the crystalline phase can cause nuclei to be 
born at a rate that decreases only rather slowly with 
time, so that the rate of injection may be very nearly 
constant. (This holds if the system has previously 
been superheated to a degree sufficient to melt out 
any embryos in fissures or pores in the heterogeneities 
that would otherwise act as centers of growth at 
t=0.) This type of nucleation, which is simply a 
special case of heterogeneous nucleation as discussed 
by Avrami [3], is for convenience termed pseudo- 
homogeneous in this paper. So long as the rate of 
production of nuclei does not fall off too rapidly due 
to depletion of the flat surfaces, the behavior of such a 
system will in many important respects be experi- 
mentally similar to that of one where the nucleation 
is truly homogeneous. The similarity in the expres- 
sions describing the rate of heterogeneous nucleation 
of flat surfaces and true homogeneous nucleation has 
been noted on a number of occasions (see, for ex- 
ample, the remarks of Holloman [4]. However, 
pseudohomogeneous nucleation will be energetically 
favored over the corresponding homogeneous process, 
and the energy parameters that describe the rate of 
injection of primary nuclei in the pseudohomogeneous 
process will generally be considerably smaller than 
those for the corresponding truly homogeneous mech- 



anism. Thus, the attainment of highly reproducible 
isotherms through strong superheating is in itself in- 
sufficient reason for the assumption that the sub- 
sequent nucleation is homogeneous, but this still 
does not detract from the fact that a study of a sys- 
tem exhibiting pseudohomogeneous nucleation may 
provide certain information concerning the expected 
behavior of the corresponding homophase system 
with homogeneous initiation. If the number of heter- 
ogeneities is sufficiently small, or the flat surfaces 
only difficultly wettable by the crystalline phase, 
true homogeneous nucleation will tend to predomi- 
nate. Reasons will be given for believing that homo- 
geneous initiation was probably achieved for carefully 
selected and strongly superheated specimens of 
poly(chlorotrifluoroethylene). 

The second, objective of the work involved an ex- 
perimental study of the shape of the isotherms, 
particularly at high x values. 

All of the isotherms could be quite accurately 
represented from very low up to moderately high x 
values by the useful phenomenological expression 
x = Xtt>[l — ex P ( — Zt n /xw)] attributable to Mandelkern 
[5], and Mandelkern, Quinn, and Flory [6]. In this 
region, x« and n were essentially constant, and the 
isotherms could therefore be superposed simply by 
rescaling the time. (The parameter Xw is treated in 
this paper as a mean value of the apparent limiting 
degree of erystallinity in stage 1 ; note that Xw causes 
the crystallization to proceed somewhat more slowly 
than the free bulk growth rate, Zt n .) However, at 
high x values, the isotherms rather abruptly entered 
a new regime where the degree of erystallinity 
changed extremely slowly with time, and where no 
constant value of n and Xn could describe the shape 
of a given isotherm. Moreover, the various iso- 
therms could, no longer be superposed by rescaling 
the time. For convenience, the first part of an 
isotherm, where superposition holds, is called stage 1 , 
and the later portion where it fails is termed stage 2. 
The stage 2 process is the principal hindrance to the 
isothermal attainment of a high degree of erystal- 
linity in this polymer. A discussion is given con- 
cerning possible causes of the onset of stage 2. It is 
concluded that a high degree of impingement is the 
cause of this phenomenon. 

The third objective of the work was to give a 
theoretical account of the rate constants that control 
the rate of nucleation and. growth in the stage 1 
portion of the crystallization. Special emphasis 
was attached to calculation of the temperature varia- 
tion of these quantities, and to the estimation of the 
size of the nuclei. 

In a system with primary nuclei being born at 
uniformly later and later dates and then growing in a 
one-dimensional manner, the overall (bulk) crystal- 
lization rate, as measured by Z 2 in the expression for 
the free growth rate, x' = zT 2 / 2 , is proportional to the 
rate of injection of nuclei /, the lineal growth rate 
of the rods G, and tin 4 area of the growing crystal 
face, 7rP. Experimental values of Z 2 were obtained 
at various temperatures by analysis of the n = 2 iso- 
therms. Information concerning the temperature 
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dependence of Q was obtained by an analysis of the 
n = \ seed-crystal isotherms, since under appropriate 
circumstances the overall rate of crystallization of a 
specimen where tin 4 nuclei arc seed crystals present 
at t=0 depends directly on tin 4 lineai growth rate. 
Willi the temperature variation of Z 2 and G known 
experimentally, the temperature dependence of / 
was therefore determined also. Our (ask, then, was 
thai of giving a theoretical discussion of Z 2 , I, and G. 

The rate of injection of nuclei is described generally 
in termsof a cylindrical primary nucleus of radius r 
and length /, where r and /may be either variable or 
constant. This nucleus is endowed with interfacial 
free energies <r s and a e on the side and. ends respectively, 
and. a residual edge free energy, e. The residual 
edge free energy is shown to be unimportant in de- 
termining the rate of nucleation in the present case. 
In the theoretical treatment, the thermodynamic 
driving force, A/", is represented by a more accurate 
expression [7| than is commonly employed in similar 
calculations. The homogeneous nucleation rate in 
the region studied experimentally (170° to 200° C) 
is treated in terms of a specialized primary nucleus 
of fixed length ft and a variable radius r. This model, 
which is applicable in a relatively extended tempera- 
ture interval called "region B", leads to a nucleation 
rate of the form /„- exp {—AF*IRT) exp ( — 0/ 
T 2 AT) i where (9 is a constant, AF$ the free energy of 
activation of the short-range' diffusion process at the 
interface, T the absolute temperature, and A7 T the 
difference between the melting point and the crystal- 
lization temperature. It is demonstrated that this 
model does not imply that a c is identical to zero. 
The model with both /and. /variable is theoretically 
valid in region A, which exists close to the melting- 
point, and leads to I A ~ exp (—AF*/RT) exp ( — a/ 
T 3 A7 72 ), where a is a constant. It is demonstrated 
conclusively that /„, and not I Ai fits the data obtained 
between 170° and 200° C, showing that the nucleus 
with fixed. / is the correct one to employ in this 
range. The temperature dependence of the lineal 
growth rate is described in terms of a secondary or 
growth nucleus of length X„ that forms on the grow- 
ing face (end) of the crystallite. The growth law is 
of the form r7- exp \-AF*IRT) exp (-y/T 2 AT). 
The quantity / {) is numerically equal to X . The 
treatment of G is thus similar to that proposed in 
another connection by Burnett and MeDevit [8]. 
The bulk crystallization rate constant, Z 2 , is shown 
to accurately conform to a relation of the form Z>^ 
exp [-(AF*+AF*)/RT]exp[-(p+y)/T*ATy)., where 
P=y. Estimates of the dimensions of the primary 
and. secondary nuclei are given. 

Although the principal aim of the present work 
was t Ire elucidation of the bulk crystallization process, 
mention is made of certain aspects of spherulitic 
growth. A more detailed discussion of spherulitic 
growth, which to a certain extent supplements the 
work of Price [9] on poly(chlorotrifluoroethylene), 
will be given elsewhere [10]. It will be shown here 
that the bulk crystallization that takes place in this 
polymer subsequent to strong superheating is not 



of a three-dimensional or spherulitic character in 
the temperature range studied. It is essential to 
bear this point in mind while reading the paper. 
On theoretical grounds, it is shown to be reasonable 
to suppose thai the intrinsic bulk crystallization 
process might involve three-dimensional growth 
close to the melting point, but this problem was not 
studied experiment ally because of the extreme slow- 
ness of the crystallization at such temperatures. 



2. Experimental Procedure 
2.1. Materials 

The specimens of poly(chlorotrifluoroethylene) 

that were used in this research were laboratory 
samples of Kel-F grade 300 polymer which were 
kindly supplied to us by H. S. Kaufman of (he 
Minnesota Mining and Manufacturing Company. 
The material was supplied in the form of air-fret 1 
molded sheets approximately 2 mm thick. The 
number average molecular weight was stated to be 
a pproximately 4 15,000. 

it is especially important to note that it was 
necessary to select sheets that were as I'vrr as possible 
of heterogeneities. The basic criterion used in 
making tin 1 selection was the ability of a reasonable 
degree of superheating to yield highly reproducible 
bulk crystallization isotherms (in a subsequent 
crystallization) that were essentially independent 
of the superheating conditions. Conformity with 
this condition indicated that enough of the heter- 
ogeneities had been rendered inactive to permit the 
homogeneous or pseudohomogeneous process to 
make its appearance. Only a few of tin 4 sheets 
supplied met the stated requirements. 

A spherulite count obtained under specified con- 
ditions proved to be a useful measure of the number 
of heterogenities. The samples used in the bulk 
crystallization studies contained only 10 to 30 
spherulities per mm 3 after the specimens were 
superheated to 305° C, and the spherulites grown 
anywhere between 180° and 192° 0. Samples with 
a considerably larger number of spherulites did not 
meet the reproducibility requirements stated above. 

A further point concerning the selection of material 
is of importance. Under certain conditions, poly 
(ehlorotrifluoroethylene) is known to possess surface 
nucleation that causes the specimens to exhibit a 
grainy appearance when viewed normal to the 
surface with crossed nicol prisms [11]. Only those 
samples that were shown by sectioning studies to 
be sufficiently free of this phenomenon were used 
in t he research. 

Only relatively fresh specimens were employed, 
since these led to the most reproducible results. In 
the course of repeating some of the work, it was 
discovered that material stored over a year in air 
showed a tendency toward irreproducible behavior. 
Such aged specimens often yielded low n values. 
This may have been the result of excessive surface 
nucleation. 
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2.2. Volume Measurements and Crystallization 
Isotherms 

The specific volume of the specimens was meas- 
ured by weighing them in silicone oil, using the 
same apparatus employed in earlier studies on this 
polymer [2]. The general procedure used in making 
the runs was as follows. First, the polymer was 
suspended on a fine wire and heated in a stirred air 
bath to a preselected initial temperature, T h for a 
time sufficient to bring the entire specimen to thermal 
equilibrium. This usually took approximately 10 
min. The specimen was then plunged into a silicone 
oil bath operating at a predetermined crystallization 
temperature, T 2 . The sample was then weighed in 
the oil at times appropriate to the rate of crystal- 
lization, and the specific volume calculated for 
each reading. 

The crystallization was assumed to begin when the 
specimen reached T 2 ) this usually occurred 1.5 to 
3 min after it was plunged into the oil bath. For a 
process with a strongly negative temperature co- 
efficient, such as the one studied, this introduces 
only a small error, certainly not exceeding 1 min 
in the zero of time. In cases where the crystallization 
was quite rapid, as for T 2*080° C, a small tempera- 
ture correction was made for self-heating of the 
sample. The samples used in the investigation 
generally weighed from 1 to 5 g. 

The very small amount (always less than 0.2 
percent) of silicone oil sorbed by the specimens in 
the course of repeated experiments did not affect 
the rate of crystallization. The samples did not 
become discolored, and no bubbles or other evidence 
of degradation was ever observed in fresh specimens. 
We note in the latter connection that identical 
isotherms were obtained at a given growth tempera- 
ture even after the sample had been heated many 
times to Ti=305° C for the brief period indicated. 

The isotherms at a given growth temperature are 
independent of the time the sample was held at 
T \ prior to crystallization. 

The specific volume values were converted di- 
rectly to the degree of crystallinity, x, which is defined 
as the mass fraction of the sample that is crystallized, 
using the equation 
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(1) 



In this expression, V t is the specific volume of the 
pure supercooled liquid, V c the specific volume of 
the pure crystal, and V s the specific volume of the 
sample, all at the temperature of the run. The 
specific volume of the crystal at the required tem- 
perature was calculated from the equation 

y c =0.45563 + 0.8079X10- 4 7 T +0.874X10- 7 r 2 , (2) 

and the specific volume of the supercooled liquid 
was obtained using 

F^0.47337 + 2.199X10- 4 T+2.943X10- 7 T 2 . (3) 



In these expressions V is in cm 3 g * and T is in ° C. 
Equations (2) and (3) were derived using a rigorous 
analysis _of V-T data [2J. With the experimental 
error in V s considered, the crystallinity scale defined 
by eqs (1 to 3) yields % values to better than 0.01 at 
low x, and about 0.03 at x=0.5, in the temperature i 
range where the crystallization studies were car- , 
ried out. Evidence that lends strong support to j 
the crystallinity scale defined by eqs (1 to 3) will 
be brought out later in this paper. 

3. Bulk Crystallization Isotherms: Geometry 
of Growth and Type of Nucleation 

3.1. Experimental Conditions Leading to Homogene- 
ous or Pseudohomogeneous Nucleation 

Turnbull [1] has shown that if a substance con- 
tains thermally stable (and wettable) heterogeneities 
possessing pores or cavities on its surface, crystalline 
embryos can persist in these on an equilibrium basis 
well above the ordinary melting point. Such a 
body will act as a center of growth as soon as the 
material is supercooled. By sufficient superheat- 
ing, the embryos in the cavities can be melted out, 
thus rendering them inactive as nucleation centers. 
Other things being equal, the embryos in the larger 
cavities melt out first. In cases where the cavities 
are small, and where the heterogeneity is strongly 
wetted by the crystalline phase, the crystalline 
matter may persist hundreds of degrees above the 
usual melting point. Reproducible isotherms inde- 
pendent of superheating conditions or previous ther- 
mal history should be obtained provided that all, or 
nearly all, of such embryos are destroyed. It is 
readily demonstrated that such a condition can be 
achieved with relatively clean samples of poly- 
(chlorotrifluoroethylene) . 

The effect of various superheating temperatures, 
Ti, on the isotherms for poly(chlorotrifluorethylcne) 
obtained at T 2 = 196.5° C is shown in figure 1. The 




Figure 1. Effect of initial (superheating) temperature, 7\, 
on isotherms obtained at a constant growth temperature, 
T 2 = 196.5° C. 

X is the mass fraction crystallized, and t is the time in minutes. Note the 
asymptotic approach to reproducible behavior with increasing T\. 



70 



equilibrium melting temperature, T m , for (his poly- 
mer is close to 221° C [12], so that the degree of 
superheating ranges from 24° to 84° C. For low 
Ti, the crystallization is noticeably dependent on 
T\. However, for high I\ the isotherms converge 
ji a manner clearly suggesting thai they are vir- 
tually independent of 7'i in this region, and the rate 
>f crystallization is slower. 2 Results of a similar 
character were obtained with T 2 = 188.4° C and the 
ame set of T x shown in figure 1 . Also a run carried 
ut with 7 7 1 = 325° and T 2 = 196.5° C yielded an 
isotherm (not shown) that was identical within 
experimental error to that obtained with Ti=305°, 
T 2 = 196.5° C. These facts show that when the 
polymer is heated to the vicinity of 305° C prior to 
crystallization, the embryos in the crevices in the 
heterogeneites are virtually all destroyed. In such 
a situation, homogeneous or pseudohomogeneous 
nucleation initiates the crystallization process in 
the polymer. 

3.2. Analysis of the Isotherms to Obtain n 

Plots of x versus log t obtained for various crystal- 
lization temperatures between 170.0° and 199.9° C 
are depicted in figure 2. All of these isotherms were 
obtained with polymer that was superheated to 305° 
C prior to the crystallization run, and arc therefore 
those appropriate to homogeneous or pseudohomo- 
geneous initiation. The data for the first part of the 
170° run are somewhat unreliable owing to the 
rapidity of the crystallization. The bulk crystalliza- 
tion process has a strongly negative temperature 
coefficient in the temperature interval studied: the 
isotherms at low T 2 arrive at a given (low or moder- 
ate) degree of crystallinity much sooner than those 
run at high T 2 . The existence of this strongly 
negative temperature coefficient shows that the bulk 
crystallization process is controlled by one or more 
nucleation mechanisms in the temperature range 
under investigation. 

The two distinct stages of the crystallization are 
apparent in figure 2. In stage 1, the rate of crystal- 
lization at a given temperature is increasingly rapid. 
This stage strongly reflects the free growth rate of 
the crystals, and the analysis of n will be based on 
this portion of the isotherms. Stage 2 appears with 
only a slight premonitory effect, and is characterized 
by an extremely slow and nearly linear increase in 
the degree of crystallinity on the logarithmic time 



2 A total absence of superheating effects would mean that the corresponding 
crystallization was of homogeneous origin. This represents an experimentally 
ideal situation not easily achieved. However, the observation of only a slight 
displacement at constant Ti toward slower crystallization with increasing T\ at 
relatively low degrees of superheating does not necessarily imply thai such iso- 
therms are of practically homogeneous origin. This may he seen by the follow- 
ing argument. Suppose the crack-size distribution in the heterogeneities is 
gaussian, with a most probable size. if. At low degrees <>| superheating only the 
very few large embryos will be melted out, and the isotherms will shift but little 
with Increasing T\, despite the fact the crystallization is heterogeneous. The 
maximum shift will correspond to higher T\ values where embryos in cracks of 
just the size x are melted out. At still higher T\ values, the isotherms will 
converge again as shown in figure 1 as the last of the small embryos is destroyed 
by superheating. Thus, even if only a small effect of superheating is found, it is 
important to show, as in the present case, that the effect of further superheating 
causes convergent shifts before it can be stated that a homogeneous or pseudo- 
homogeneous condition of crystallization has been approached. A divergent 
shift would be a certain sign that the crystallization was mostly initiated at 2=0. 




Figure 2. n~2 isotherms obtained at various growth temper- 
atures, T 2 , for specimens subjected to strong superheating 
(Ti = 305° C) prior to crystallization. 

x is the mass fraction crystallized, and t is the time in minutes. The value 
n=2 is a result of one-dimensional growth of nuclei born sporadically in time. 

scale used. Stage 2 crystallization will be discussed 
in more detail in section 4. 

The value of n in the expression for the free growth 
rate, x' = Zt n , will now be determined by an analysis 
of the isotherms. The free growth rate is the rate 
at which the polymer would crystallize if the nuclea- 
tion and subsequent growth of each crystallite were 
independent of similar processes in other crystallites, 
a condition most apt to be fulfilled in the very early 
stages of the crystallization. Interest in the free 
growth rate is occassioned by the fact that Z is a 
quantity that can be calculated theoretically by a 
consideration of the elementary nucleation and 
growth mechanisms, and by the fact that n is inti- 
mately related to the type of nucleation and the 
geometry of growth. 

The phenomenological expression [5,6] 3 



x=Xw [l^ e -(^lxJ] 



(4) 



is used as a starting point in analysis to obtain n. 
A derivation of eq (4) is given in appendix 9.1 to 
indicate the specialized meaning we have placed on 
Xw, which is defined as a retardation parameter that 
reflects the mean value of the apparent limiting degree 
of crystallinity in stage 1. As shown in appendix 
9.2, it is readily deduced from eq (4) that 



n=(«/x)(dxAft)[l + (l/2)(x/x«) + . • J. 



(5) 



In this expression, t is the time as measured from the 
inception of the experiment, and x the degree of 
crystallinity at that time. Values of n at various 
degrees of crystallization may be obtained from the 
experimental values of t, x, and dx/dt, if a value of 
Xw is assumed. Fortunately, n is quite insensitive 
to the choice of Xw, and it is sufficient for the purpose 
at hand to calculate n with Xw= 1 and Xw^l/2- These 
values may be accepted as reasonable trial values 
for this parameter in the present case. Values of x 
up to 0.20 were used in the determination of n. This 

3 Equation (4) is not quoted directly in the papers cited, but is readily deduced 
from the treatment given. 
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it was set in order to insure that each isotherm 
was well within stage 1 , and to be certain that higher 
terms in eq (5) were unimportant. It was found that 
this method was more satisfactory than some of the 
curve-matching schemes sometimes used to estimate 
n, since a definite numerical value is obtained. 

Values of n obtained in the manner described 
are given in table 1. It is evident from the results 
that 7i=2.0 under the conditions of the experiments, 
which are those corresponding to homogeneous or 
pseudohomogeneous nucleation. (Note that the 
isotherm obtained with Ti=285° C is also con- 
sistent with n=2.) It is extremely doubtful that 
the value of n lies outside the range 1.8 to 2.2. 
As indicated in the next to the last column in table 1 , 
an isotherm calculated using eq (4) with n=2 and 
X w =l fits the observed data reasonably well up to 
a x value in the vicinity of 0.45. Lower values 
of Xw usually give a poorer fit, indicating that x^~l 
in this case. The error in Xw is undoubtedly rather 
large, the figures given being reliable to not much 
more than about 20 percent. Nevertheless, there 
is little doubt that eq (4) is a suitable method of 
representing the isotherms in the region indicated. 
At higher values of x> each experimental isotherm 
enters stage 2, and deviates markedly from that 
calculated from the phenomenological equation. 
The best values of the quantities n and Xw are shown 
as bold face numbers in table 1. 

The pseudoequilibrium degree of crystallinity, 
Xm, for each T 2 value is also shown in table 1. Xm 
is defined as the degree of crystallinity at the onset 
of stage 2. The method of estimating x m is apparent 
from figure 2. The increase of Xm with increasing 
T 2 is definitely real, and is not an artificial result 
arising from an error in the crystallinity scale. (It 
is worth mentioning that this point is clearly ap- 
parent in the V-T diagram to be given in section 4.) 

An approximate theoretical justification for using 
trial Xw values in the range 1/2 to 1 for a system where 
X TO ~ 1/2 will be found in appendix 9.1. 

Table 1. Values of n and Xw for polymer crystallized after 
strong superheating (homogeneous or pseudohomogeneous 
nucleation) 





Crystal- 
lization 
tempera- 
ture, T 2 


Value of n 


Xw 


Maximum ex- 
perimental x 
value that is 

approximately 
fitted by eq (4) 

with n=2 and 


Pseudo- 


Initial 
tempera- 
ture, Ti 


eq(5) 
with 

as^ed 


eq(5) 
with 

assumed 


equilibrium 
degree of 
crystallin- 
ity, Xm 


° C 
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» For this run, there were too few points taken in the region x=0.05 to x=0.20 
to permit n to be calculated as precisely as in the other cases. 

The isotherms shown in figure 2 may be super- 
posed by shifting them along the log t axis. A 
plot of such a superposition of isotherms is shown 



Figure 3. Superposition of experimental isotherms shown 
in figure 2 on isotherm calculated with eq (4) for case n=2. 

Isotherms calculated with eq (4) for n-=l and n=3 are shown for comparison. 
The symbols used to denote the experimental points for the various isotherms I 
are the same as those used in figure 2. 

in figure 3. The points used in this plot are the 
same ones shown in figure 1, and these have been 
superposed on a phenomenological isotherm com 
puted from eq (4) for the case n=2, and Xw=^ 
The superposition is, of course, in accord with the 
mathematical properties of eq (4), and is equivalent 
to the superposition obtained using certain variables 
other than x [5] that measure the course of the crys- 
tallization. The superposition is excellent up to 
X=0.3, and fair up to x=0.4 to x^O.o (see next to 
last column in table 1). 

If it is assumed that the value of n=2 corresponds 
to homogeneous or pseudohomogeneous nucleation, 
i.e., to the case where the growing particles are born 
at later and later dates, then it follows that the 
geometry of growth is of a one-dimensional character. 
(It is shown in appendix 9.4. that x' = Z 2 t 2 , i.e., n— 2, 
for the case of one-dimensional growth of objects 
born at later and later dates.) Any such conclusion 
concerning the geometry of growth rests squarely 
on the credibility of the arguments given earlier 
for the belief that strong superheating should lead 
to primary nuclei that are born at later and later 
times. At this point, therefore, it is considered 
that it is highly probable, rather than certain, that 
the geometry of growth in this polymer is one- 
dimensional. What is clearly needed in an independ 
ent proof of the geometry of growth. This will 
be given in section 3.3. In order to facilitate this 
proof, it is necessary to indicate the conceivable 
alternative explanations for the n=2 isotherms, and 
to mention the unique character of certain other 
n values. 

An n— 2 isotherm can arise in two fundamentally 
distinct ways. It can be due to the one-dimensiona 
growth of objects born at later and later dates, or to 
the two-dimensional (radial) growth of disk-like 
objects born at the same time. (These two cases are 
considered in appendix 9.3 and 9.4) . This statement 
is subject to the provision that the growth process 
must be lineal, so that a given amount of material is 
deposited on a unit area of growing crystal face in 
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unit time. It may safely be assumed in the case of 
poly(chlorotrifluoroethylene) that this holds true, at 
least in the first stage of the crystallization. Non- 
lineal growth in the relatively early stages of a 
crystallization is to be anticipated only in systems 
where long-range diffusion is required to bring the 
crystallizing species to the surface of the crystal. 
Thus, only the case of one-dimensional growth of 
objects born at later and later dates, and two- 
dimensional growth of objects born at the same 
time need be considered as possible causes of the 
observed n=2 isotherms. An independent proof 
that the geometry of growth is indeed one-dimen- 
sional in this polymer would therefore strongly 
reinforce the belief that the n=2 isotherms are a 
result of objects born at later and later dates. 

It is worth remarking that a similar problem 
exists for an n=3 isotherm. Such an isotherm 
could be interpreted as being a result of three- 
dimensional growth of objects born at the same 
time, or two-dimensional growth of disk-like objects 
born at later and later dates. Fortunately, how- 
ever, n=l and n=4 isotherms have unique interpre- 
tations, subject of course, to the provision that the 
growth be lineal. Thus, an n=4 isotherm can 
arise only for the three-dimensional (spherical) 
growth of objects born sporadically in time, and an 
n—l isotherm can arise only for one-dimensional 
growth of objects born at the same time. 4 The 
latter fact, when used to interpret the experiments 
with seed crystals to be described in the following 
section, will provide the required proof that the 
geometry of growth in poly(chlorotrifluoroethylene) 
is indeed one-dimensional. This will also resolve 
any uncertainty in the suggested interpretation of 
the n=2 isotherms. 

3.3. Nucleation With Seed Crystals 

If the crystallites formed in the n=2 crystalliza- 
tion are actually a result of one-dimensional growth 
of nuclei born at later and later times as has been 
postulated, it is clear that if seeds derived from these 
crystals are caused to exist in a sample of polymer, 
and these seed nuclei used to initiate a crystallization 
at £=0, the resultant isotherm should conform, at 
least in its early stages, to eq (4) with n^l. (It is 
shown an appendix 9.3 that the free growth rate for 
such a system is x' = Zit.) 

The preparation of a sample containing the appro- 
priate type of seed crystals is easily accomplished. 
First, the specimen is crystallized at a certain growth 
temperature, such as 188° C, after first superheating 
it to 305° C. The corresponding isotherm is of the 



n=2 type. This process produces vast numbers of 
tiny crystallites in the specimen. The sample is 
then heated to a temperature T x that is a little 
below T m but close to the quasi-equilibrium melting 
point, T m ', in order to melt out all but a very small 
fraction of the crystallites. 5 The equilibrium melt- 
Lng temperature of poly(chlorotrifluoroethylene) is 
221° C, and the quasi-equilibrium melting point for 
a sample crystallized at 188° C is about 216° C [12]. 
The remaining crystallites are the largest in the 
specimen, the smaller ones having melted out, and 
comprise the requisite type of seed crystals. Though 
numerous seed crystals arc present, the specific 
volume of such a sample is experimentally indis- 
tinguishable from that of the pure supercooled liquid 
at the same temperature. 

The seed-crystal isotherm is obtained by dropping 
the temperature of the "seeded" sample to a con- 
venient crystallization temperature, T 2j and making 
the run in the usual manner. The seed crystals are, 
of course, all active as "heterogeneous" nucleation 
centers at £=0. Isotherms obtained in this way 
were analyzed to obtain n as was described in the 
previous section. The results of three of the runs 
are given in table 2. It is seen that the value 

Table 2. — Values of n and xw for polymer nucleated with 
seed crystals a 
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« An incidental point here is that w=4 is in itself not a complete proof of homo- 
geneous nucleation, but only of essentially sporadic initiation. Such an effect 
could arise from either homogeneous or pscudohomogenoous nucleation. In 
this sense, an ?i=4 isotherm is somewhat less definite with regard to the type of 
nucleation that is implied than an ?/,= l isotherm, the latter practically always 
clearly indicating heterogeneous nucleation. (Here we regard both foreign 
bodies and seed crystals as "heterogeneous" nuclei). 

An 7i=l isotherm could conceivably arise for a substance that "crystallized" 
strictly by continuous homogeneous injection of nuclei that did not grow, but 
this contingency need not be seriously considered in the present case, since there 
is ample evidence showing that the primary nuclei grow. 



a Previous history prior to heating to T\ value shown in table: n=2 run with 
Ti=305° and T 2 =188° C that was carried into stage 2. 

71=1.0 provides the best description of the data. 
The value n=l can only be interpreted to mean that 
the crystallization in the seeded specimens was due to 
one-dimensional growth of objects born at the same 
time. Further, this finding provides the strongest kind 
of confirmation for the supposition made earlier that 
the n=2 isotherms were a result of one-dimensional 
growth of objects being born at later and later dates, 
i.e., by homogeneous or pseudohomogeneous nucleation. 
The specimens in the n=l seed-crystal runs 
attained a given degree of crystallinity considerably 
faster than the samples in an n=2 run at the same 
growth temperature, despite the acceleration of the 
crystallization resulting from the continuous injec- 
tion of centers in the latter case. This is a result, 
of course, of the fact that the numerous seed crystals 
all start growing at t=0 in the n=l runs. The 
n=l seed-crystal runs were carried out -at the 

6 The fact that 7V is less than T m for polymer crystallized at temperatures 
below T m is due to the small size of the crystals in such samples. The specimens 
will contain crystallites with a distribution of sizes, the larger ones melting out 
at higher temperatures. Some of these will be retained above the nominal value 
of TV. The number of seed crystals in a sample will tend to depend rather 
strongly on T\ in the range between T m ' and T m . 
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relatively high T 2 values indicated in order to allow 
the rate of crystallization to be measured easily. 

The result n=l is definitely not caused by surface 
nucleation in these experiments. Microscopic ob- 
servation of sectioned specimens showed that the 
crystallization did not originate at the surfaces; the 
scattering of light due to the crystals formed clearly 
indicated that they existed throughout the body of 
the specimen. Thus the n=l isotherms were a 
result of a bulk ciystallization effect. It is also 
perfectly clear from the conditions of the experiment 
that the result n=l is not caused by continuous 
homogeneous injection of nuclei that do not grow. 4 

A superposition-type plot of the n=l isotherms is 
shown in figure 4. The isotherms shown are those 
mentioned in table 2. Curves calculated using eq 
(4) with n=l and various values of Xw are shown as 
solid lines. It is seen that Xw=0.55 provides a good 
fit of the data from x=0 up to x=0-3 to 0.4. The 
best values of n and Xw for this type of isotherm are 
indicated as bold face numbers in table 2. The mean 
experimental value of Xw obtained for the n=l iso- 
therms is correct to within about 10 percent. 

A Xw value that diminished somewhat as the 
degree of crystalling increased would definitely fit 
the data slightly better. This point will prove to 
be of significance in an ensuing discussion on the 
nature of impingements. 
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Figure 4. Superposition of the experimental n = l isotherms 
obtained by initiation with seed crystals on isotherms calcu- 
lated using eq (4) with n = l and various values of Xw- 

3 7 7 i = 216.2°, T 2 =200° C; Q !Ti=215.6 , T 2 =196.2° C; © Ti = 215.6°, T 2 =200° C. 
The value n=l is a result of one-dimensional growth of pre-determined nuclei 
(seeds) present at t=0. 



4. Isotherms at High x-" Stage 2 
Crystallization 

The objective of this section is to bring out certain 
points concerning the shape of an observed isotherm, 
especially at a high degree of crystallinity where the 
inception of stage 2 introduces strong retardations to 
the crystallization process. The nature of stage 2 
is of special interest when considered in the light of 
the difficulties encountered in attaining very high 
degrees of crystallization in linear polymers. 



Consider first the n = 2 isotherms shown in figure 2. 
The retardations to the crystallization in stage 1 of 
these isotherms are comparatively weak, and are 
adequately described up to moderately high x values 
by the parameter Xw^l in eq (4). The stage 1 
portion is superposable as shown in figure 3. The 
situation is entirely different after the onset of stage 
2 at x=0.4 to 0.6. The crystallization becomes 
extremely slow, indicating the interdiction of a very 
strong retardation, and no fixed values of Z 2 , n, and 
Xw with eq (4) are capable of reproducing any signifi- 
cant portion of the stage 2 portion of the isotherm. 
The stage 2 portions of the isotherms are not super- 
posable by rescaling either the time or the degree of 
crystallinity. Equation (4) with n=2 and Xw=l 
leads to an isotherm which rises on past the onset 
of stage 2, as shown in figure 5 (upper diagram). 

It is emphasized that the value Xw^l found ex- 
perimentally for the n=2 isotherms is not particu- 
larly accurate, and is probably somewhat high. A 
small and otherwise negligible n=3 component due 
to a remnant of heterogeneous^ induced spherulitic 
growth is suspected to be present in the n = 2 runs, 
and this would cause Xw to assume somewhat high 
values. Also, slightly conical growth would lead to 
high Xw values. Thus, the fact that Xw is consider- 
ably greater than the pseudoequilibrium degree of 
crystallinity, x m , in the n=2 case may be partly an 
artificial result, and the true value of Xw may well 
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Figure 5. Diagram showing transition from stage 1 to stage 2, 
and the extent to which eq (4) (dashed lines) fits the experi- 
mental isotherms (solid lines) for the n = l and n—2 cases. 

The n=l curve shown was obtained with T\ =218.0°, T2=196° C, and the 
n=2 curve was obtained with !Ti=305 o , Ti= 196° C. x is the mass fraction trans- 
formed and t is the time in minutes. The symbol x.m represents the approximate 
value of the pseudoequilibrium degree of crystallinity. 
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be closer to Xm than is indicated by most of the data. 
However, none of the above detracts from the fact 
that eq (4) provides a good representation of the 
data in stage 1, and the fad thai the retardations in 
stage 1 are much weaker than those in stage 2. 

The n=l isotherms also exhibit typical stage 2 
crystallization. In the case of the n=l isotherms, 
the onset of stage 2 is rather diffuse, but evidently 
becomes important at around x— 0.4 to 0.5. The 
general situation for the n=\ isotherm is depicted 
in figure 5, (lower diagram). The properties of the 
stage 2 part of the isotherm at high x in the n=\ 
case are very similar to those described above for 
the 7i=2 case. The value x«> = 0.55 that describes 
the retardations in stage 1 of the n=\ isotherms is 
attributable principally to the effect of impinge- 
ments and entanglements (see below) . 

A slow crystallization process evidently similar in 
character to the stage 2 crystallization investigated 
here has previously been noted in crystallizable 
polymers by Collins [13], Kovacs [14], and others. 

The experiments clearly indicate that the parame- 
ter Xw in eq (4) is not generally to be identified with 
the true equilibrium degree < >f crystallinity. To show 
this, we need only consider the n=l type isotherm, 
for which the relatively reliable value Xm» = 0.55 ob- 
tains. It has been demonstrated that poly(chloro- 
trifluoroethylene) can readily be crystallized up to 
X = 0.82 [2], and even this figure is certainly not the 
highest attainable. Thus Xw is clearly less than the 
equilibrium degree of crystallinity in this case. An- 
other point is that in the experimental n= 1 isotherm 
shown in figure 5 (lower diagram), x is seen to con- 
tinue well past the value x=0.55, again demonstrat- 
ing that Xw is not the equilibrium degree of crystal- 
Unity. The fact that Xw i s roughly unity for the n=2 
isotherms does not in our view imply that Xw is to 
be identified with the equilibrium degree of crystal- 
linity in these cases, especially in view of the uncer- 
tainty in the experimental value of Xw f° r such 
isotherms. 

The experimental results suggest that the re- 
tardation parameter Xw is not to be generally taken 
as being identical to the pseudoequilibrium degree 
of crystallinity, x m , though, this point is difficult to 
establish with certainty. The most clear-cut experi- 
mental evidence is obtained from the n=\ isotherms 
where the value x^ = 0.55 is established within nar- 
row limits. Our best estimate of Xm in this case 
yields Xm = 0.45 (see table 2). This numerical esti- 
mate of Xm is somewhat doubtful, but our analysis 
nevertheless renders it highly likely that Xm is some- 
what less than % w . The situation with the n=2 iso- 
therms is that Xm can be determined quite accurately 
(see fig. 5, upper diagram), but that Xw is more un- 
certain. Nevertheless, it won Id. appear that Xm is 
less than x w in this case. At the very least, the 
experimental results for the n=l and n=2 isotherms 
can hardly be interpret ed to mean t hat Xw is precisely 
equal to Xm- 

The experimental situation concerning the onset of 
stage 2 in the n=l and. n=2 cases can be sum- 
marized as follows. In the n = 2 case, the stage 2 



process intervenes rather abruptly at Xm, where Xm is 
0.4 to 0.6 depending on the crystallization tempera- 
ture, and prevents the experimental isotherm from 
pursuing its original "n=2, x^^l" course. How- 
ever, the Xw value quoted is undoubtedly somewhat 
high <*is a result of certain extraneous effects. In the 
n= 1 case, the experimental isotherm essentially com- 
pletes its "n= 1, x«>=0.55" course near x^ = 0.45, and 
the stage 2 process supervenes. In both cases, it is 
the stage 2 mechanism (and the limited patience of 
the investigator) that hinders the isothermal attain- 
ment of high degrees of crystallinity. 

The above remarks serve to show part of the 
experimental basis for referring to Xw as a "retarda- 
tion parameter" or as the "apparent limiting degree 
of crystallinity in stage 1," rather than assuming it 
is generally equivalent to the pseudoequilibrium de- 
gree of crystallinity. A theoretical justification for 
this type of definition will be mentioned shortly (see 
also appendix 9.1). The theoretical analysis will 
bring out the fact that Xw will depend to a certain 
extent on x, and that Xw may often be fairly close to 

Xiw 

Some possible causes of the onset of stage 2 type 
crystallization will now be considered. It is of 
interest first to point out certain apparently attrac- 
tive hypotheses that cannot explain the observed 
results. 

First, the onset of stage 2 in the n=2 isotherms 
cannot be due to a rapid depletion of flat surfaces 
on heterogeneities that can act as sites for pseudo- 
homogeneous nucleation. This is demonstrated by 
the fact that stage 2 of an n—2 isotherm is quite 
similar to that found for the n=l seed crystal iso- 
therms at high x (fig« 5). Inasmuch as the seed 
crystals all lead to nuclei born at 2=0 in the n^=l 
case, so that depletion of nuclei cannot be the cause 
of the onset of stage 2 in such an isotherm, it follows 
that site-exhaustion effects on heterogeneil Les cannot 
be the cause the onset of stage 2 in the n = 2 iso- 
therms. The second hypothesis would be that the 
degree of crystallinity at the onset of stage 2 was 
the equilibrium degree of crystallinity, but this is 
disproved by the observation that Xm is always well 
below the maximum degree of crystallinity attained. 
It can thus be stated with certainty that Xm is not 
to be explained in terms of the well-known equilib- 
rium statistical-thermodynamical theory of crystalli- 
zation due to Flory [15], where the limitation on the 
degree of crystallinity is basically a result of the 
exclusion of chain ends from the crystal. The 
name "pseudoequilibrium degree of crystallinity' ' 
is thus aptly applied to Xm- 

The probable explanation of the onset of stage 2 
is found in the work of Lauritzen [16], who has 
analysed theoretically the retardations in a system 
of rods or disks that grow normal to the radius in 
terms of impingements. Lauritzen has rigorously 
solved the following problem relevant to the present 
work. Let n nuclei be present per unit volume at 
£=0, and assume these to be at random positions in 
space. Permit these nuclei, which all have radius 
r, to grow at a constant rate in a one-dimensional 
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manner at random orientations until they impinge 
on another growing particle, and calculate the frac- 
tion crystallized as a function of time. This calcu- 
lation should correspond reasonably closely to the 
n=l seed crystal case studied experimentally in 
this paper. 

The results of Lauritzen's calculations will be 
couched in terms of the behavior of Xw hi eq (4) 
with increasing %• This will serve not only to pro- 
vide a certain theoretical justification for the use 
of the phenomenological relation, but will also bring 
out more clearly the true nature of the retardations, 
and the limitations of eq (4). 

The results of Lauritzen's calculations may be 
summarized as follows. The theoretical isotherm 
starts out in a manner quite similar to that calcu- 
lated by eq (4) with a Xw value that is well below r 
unity. This initial value of Xw is denoted Xww, and 
has a theoretical value of 0.43. In our view, this 
provides a theoretical justification for the use of 
eq (4) at relatively low x values, with x w being con- 
sidered as a retardation parameter. As the degree 
of crystallinity increases, Xw tends to drop somewhat, 
but the retardation is still weak enough so that the 
crystallization may be regarded as being of an 
essentially superposable type. The crystallization 
finally comes to a virtual stop due to a massive 
number of impingements at a degree of crystallinity 
well below unity that may be identified with Xm- 
The value of Xw at the end of the impingement 
process is Xm- The value of Xm calculated on the 
impingement model depends on the scaling parameter 
n r 3 ; a large value of this parameter leads to a high 
Xm, and a small value leads to a low Xm- It is em- 
phasized that these results refer to n = l class iso- 
therms. 

The theoretical calculations clearly demonstrate 
that Xw in eq (4) will vary somewhat with x, and is 
therefore best considered as a retardation parameter 
in the relatively early stages of the crystallization, 
rather than the pseudoequilibrium degree of crys- 
tallinity, a value it approaches only toward the 
latter part of stage 1. The experimental values 
quoted for x w in table 2 should therefore be con- 
sidered as average values. The same is undoubtedly 
true of the Xw values for the n=2 isotherms in table 
1. It is reasonable on theoretical grounds to expect 
Xw to be rather close to Xm in certain instances; this 
will especially tend to be the case where n P is such 
that Xm=Xwd)- The reader is referred to appendix 
9.1 for further details concerning impingement 
theory. 

The general type of behavior expected from the 
theoretical calculations is what is found for the 
experimental n=l isotherms, where Xw=0.55. As 
mentioned in section 3.3, Xw falls slightly with in- 
creasing x- A rough estimate would be that Xw{q~ 
0.65 and x™ = 0.45. The value of x w <g is higher than 
the theoretical value of 0.43, but this is probably 
mostly a result of the fact that all impingements are 
not effective in stopping growth as was assumed 
in the theory (see below). 

The impingement theory for rod-like objects born 
at later and later dates is mathematically formidable, 



and has not been solved rigorously except for very 
low Xi but there is good reason to believe that it 
will lead to a virtual cessation of the crystallization 
at moderate % values due to a massive degree of 
impingement. The value of x«x*) m this type of 
system can, however, be estimated with some ac- 
curacy [16]. 

The impingement theory described above is based 
on the idea that a crystal stops growing when it 
touches another crystal. In many situations, such 
as when one crystal runs into another at essentially 
a right angle, this seems sufficiently realistic. In 
the case of certain types of "grazing" collisions the 
assumptions used may be too stringent, with the 
result that the predicted values of Xww and Xm would 
be somewhat low. Nevertheless, impingement theory 
provides a convincing physical explanation for the 
behavior of the retardation parameter Xw, and the 
origin of the pseudoequilibrium degree of crystal- 
linity Xm- 

It is emphasized that the impingement model 
treated by Lauritzen is of a general enough nature 
to represent approximately a number of physically 
conceivable situations that could cause a crystallite 
to stop growing, at least at a normal pace, far short 
of its "equilibrium" length. For example, some of 
the crystallites may actually stop growing one- 
dimensionally because of chain entanglements aris- 
ing from situations where the same polymer molecule 
becomes involved in more than one growing crys- 
tallite. Such an entanglement might be considered 
as an impingement. In any event, it would appear 
for poly(chlorotrinuoroethylene) that the mean crys- 
tallite length at the onset of stage 2, i.e., at Xm, is 
largely determined by kinetic factors having to do 
with how rapidly the rate of nucleation and growth 
causes the crystallites to suffer numerous impinge- 
ments. It will emerge later that the mean radius is 
affected by similar considerations. The role of 
kinetics in influencing the dimensions of the crys- 
tallites in polymers crystallized by procedures of 
ordinary duration cannot be overlooked. 

It has been observed that the quasi-equilibrium 
melting point of the polymer, T' m , increases slightly 
as stage 2 progresses. An increase of melting point 
on prolonged storage has been noted for certain 
cry stalliz able polymers on a number of previous 
occasions, and has been employed as a basis for esti- 
mating T m [5]. The increase of T' m noted as stage 
2 progresses may be ascribed to either a gradual 
increase in radius or length of the rods, or both. 
Such increases could be a result of relaxation of 
impingements. Both types of process would tend to 
establish larger crystals more consistent with true 
equilibrium conditions. The gradual increase of 
crystallinity with time in stage 2 is probably mainly 
the result of such effects, and in addition, there may 
be a gradual injection of nuclei into the amorphous 
interstices between the impinged crystallites. 

There is an indication in figure 2 that the stage 2 
process is more rapid the higher the temperature. 
It would thus appear that some slow diffusion 
mechanism was the rate-determining step in the 
stage 2 process. 
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In subsequent sections of this paper, the primary 
nucleation mechanism in a bulk polymer will be 
treated as taking place by a lateral accretion of seg- 
ments belonging to various polymer molecules to 
form a bundle-like nucleus. This nucleus is then 
assumed to grow both radially and lengthwise at 
varying rates. We refer to such growth as "kinetic" 
growth, and to the resultant crystallite as a "kinetic" 
one. The object of the discussion immediately fol- 
lowing is to bring out the fact that the kinetic growth 
of such a primary nucleus can hardly evade encoun- 
tering some chain ends, with the result that the cor- 
responding kinetic crystal may contain some such 
objects, and thus be slightly less stable and less 
dense than the true equilibrium one. 

In the kinetic picture of the growth of a polymer 
crystal from a bundle-like primary nucleus, chain 
ends are certain to appear on the growing (end) face 
of the crystal. The probability of such an event will 
depend on the molecular weight. If these chain ends 
are large in both number and size, the one-dimen- 
sional growth may be seriously disrupted, at least 
locally. If on the other hand, the chain ends are 
small, e.g. a -CF Z group, and their number not too 
great, then a somewhat disordered crystal containing 
some chain ends may form initially. Other things 
being equal, such a crystal would have a slightly 
higher free energy than one containing no chain 
ends. In a high molecular weight material contain- 
ing small chain ends, the lineal growth process 
should not be seriously disrupted by the occasional 
inclusion of chain ends in the "kinetic" growth of the 
crystal. It should be pointed out that the equi- 
librium polymer crystal will contain very few and 
perhaps no such chain ends. (Flory [15] has treated 
the equilibrium case with no chain ends in the 
crystal in detail.) The point here is that if the 
"kinetic" crystal does contain some small chain 
ends — and we consider this probable in many 
cases — -the crystal will tend to seek its minimum 
free energy at a given temperature by allowing the 
chain ends to diffuse to the surface or end of the 
polymer crystal. This would be an exceedingly 
slow process that had a positive temperature coeffi- 
cient. This may be one of the mechanisms involved 
in stage 2. The slight increase of T f m on prolonged 
storage noted in stage 2 may thus be partly a result 
of the increased perfection of the crystals, and a small 
part of the increase of density may be due to the 
same effect. The mechanism mentioned would lead 
to a relief of internal strain in the polymer. How- 
ever, it is probable that the main cause of the 
increase if T' m on storage is the slow growth of 
crystallite size resulting from the relaxation of im- 
pingements and entanglements mentioned above. 

The melting point of a sample that has been crys- 
tallized part way into stage 2 at T 2 , where T 2 is below 
T m , is not only low but broad as well. Samples of 
this type correspond closely to the moderately crys- 
talline specimens commonly encountered in practice. 
In such material, the broad melting curve is certainly 
principally a result of the fairly wide distribution in 



the size of the crystallites in the system. A likely 
source of this distribution would appear to be fluctua- 
tions of the radius about the mean value " and 
similar fluctuations about the mean length /, that 
result from impingement of the growing crystallites 
on one another. The shape of the broad melting 
curve observed for this type of specimen is not to be 
interpreted in terms of the equilibrium theory of the 
melting of crystalline homopolymers. Any attempt 
at the precise application of such a theory should be 
reserved for polymer that has progressed considerably 
further into stage 2, i.e., much closer to an equilibrium 
condition. 

None of the above in any way contradicts or refutes 
the concept that a crystalline polymer possesses an 
equilibrium degree of crystallinity or an equilibrium 
melting temperature, the latter being defined as the 
melting point of the largest and most perfect un- 
strained crystal attainable [5]. However, it does 
illuminate some of the factors that impede the attain- 
ment of an equilibrium degree of crystallinity, and 
the measurement of the shape of the equilibrium 
melting curve below T m . 

It is of interest to note where the onset of stage 2 
takes place with respect to a i^-Tplot for poly (chloro- 
trifluoroethylene). The approximate demarcation 
line between stage 1 and stage 2 for the n = 2 iso- 
therms is indicated in figure 6. The demarcation was 
obtained by drawing a straight line through the main 
part of stage 1 and stage 2 portions of each isotherm 
plotted as V versus log t, and noting the point of in- 
tersection. On a degree of crystallinity scale, such 
an intersection corresponds to %m- The V-T data for 
the pure supercooled liquid, glassy, liquid, and crys- 
talline states shown in the diagram are those obtained 
in a previous study [2]. 

Two interesting points are evident in figure 6. 
First, stage 1 accounts for a larger amount of the 
volume change (and percentage crystallization) near 
T m than it does at somewhat lower temperatures. 
(This means that %m tends to increase with increasing 
T 2 , as may be seen in table 1 and figure 2). The 
second point involves the nature of "quenched" sam- 
ples. A specific volume curve for a "quenched" sam- 
ple ^2 mm thick taken from earlier work [2] is 
denoted in the diagram by the line xxx. This is seen 
to be simply a continuation of the junction between 
stage 1 and stage 2. Such a "quenched" specimen is 
one that has traversed most of stage 1, but little if 
any of stage 2, thereby achieving the appropriate 
pseudoequilibrium degree of crystallinity while it was 
being rapidly cooled. Hence, the extreme sluggishness 
of the stage 2 mechanism, together with its rather 
abrupt onset, accounts for the strong similarity in the 
specific volume data at room temperature obtained 
for "quenched" sheets of this polymer even though 
they ranged from 1 to 3 mm thick and were subjected 
to quenching procedures of varying efficiency [2, 17]. 
Extremely rapid quenching, such as is possible with 
very thin sheets, can cause the material to become 
practically completely amorphous (see section 6.4). 

Stage 2 isotherms similar to the ones shown in 
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Figure 6. Specific- Volume — Temperature diagram showing 
the locus of the transition between stage 1 and stage 2. 

The line S-S-S indicates the specific volume obtained for a "quenched" specimen 
«~ 2 mm thick. Extremely rapid quenching of sufficiently thin films yields 
material with a specific volume that is much closer to the supercooled liquid or 
glassy state curve. 

figure 2 can be obtained for poly (chlorotrifluoroe thy- 
lene) by first quenching specimens ^2 mm thick 
from 305° to 0° C, reheating to the appropriate T 2 
value, and then making the run in the usual way. 
The quenching step carries the polymer through 
stage 1. 

The stage 2 mechanism should not be confused 
with the slow and small decrease of specific volume 
at constant temperature that can take place in 
completely amorphous materials in the immediate 
vicinity of the glass transformation temperature, 
T g , even if a similar "logarithmic" law is followed in 
the two cases. The small decrease of specific vol- 
ume with time in amorphous materials near the nom- 
inal value of T g is basically a result of the fact that T g , 
as ordinarily dealt with, depends on the rate of meas- 
urement. Such isothermal volume changes are not 
found in the supercooled liquid state of completely 
amorphous systems if the temperature is much 
above or below T g . The stage 2 mechanism in 
poly(chlorotrinuoroethylene) is principally due to 
an increase in the degree of crystallinity, and not to 
some "compacting" of the segments that takes 
place with the passage of time solely in the super- 
cooled liquid state. This is shown by two facts: (a) 
the volume change in stage 2 is much too large to 
be reasonably accounted for by a change in the 
supercooled liquid state (in some cases the stage 2 
process carries the crystallization from x = 0A to 
X>0.80) and (b) the volume change in question 
takes place at temperatures far above T g =52° C. 

Another point of interest in this and other con- 
nections is that T g is essentially invariant with % 



between x=0A and x = 0.8 [2], showing that the 
structure of much of the supercooled liquid state 
does not undergo any serious change as stage 2 
progresses. This indicates that any diffuseness in 
the degree of crystallinity scale resulting from 
changes in the supercooled liquid state with increas- 
ing crystallization must be rather small if not 
negligible. The nature of the amorphous material 
between the crystallites at low x values may be 
slightly different than it is at x>0.4, where some 
of the molecules are in a strained state. Thus, T g 
may be somewhat lower than 52° C in the range 
0<Cx<C0-4 However, the density difference between 
amorphous material in the two ranges of x mentioned 
can hardly be very great, as is evidenced by the fact 
that the specific volume of the pure glass or super- 
cooled liquid obtained by analysis of two "impinged" 
semicrystalline samples where x=0-39 and x=0.82 
[2] was not only reasonable, but also fully in con- 
sonance with the specific volumes obtained on ex- 
tremely thin films that had been strongly quenched 
to a practically amorphous condition. This provides 
strong evidence for the approximate validity of the 
crystallinity scale over the entire range of use. In 
any event, most of the essential results quoted in 
this paper are relatively insensitive to the absolute 
crystallinity scale, and even those that do depend 
on it, such as Xm, are almost certainly not substan- 
tially in error. 

5. Theory 

5.1. Homogeneous Nucleation Rate 

Using the Eyring theory of absolute reaction rates 
[18], Turnbull and Fisher [19] have shown that the 
steady-state rate of homogeneous or primary nucle- 
ation /, in a condensed system may be expressed in 
the form 



7= 



NkT -AFVkT -A<t>*JkT 

■ e e j 



h 



(6) 



where AF* is the free energy of activation for trans- 
port of molecules a short distance to the surface of 
the embryo or nucleus, A<£* the free energy of forma- 
tion of a nucleus of critical size, k is Boltzmann's 
constant, N is Avogadro's number, and T the ab- 
solute temperature. The quantity J=(kT/h)exp 
(—AFp/kT) may be regarded as the jump rate of the 
elementary transport process at the supercooled- 
liquid — nucleus interface. The free energy of activa- 
tion describing this jump rate may be divided into 
its entropy and enthalpy of activation parts in the 
usual way giving 



T NkT AS*/k ~AH*/kT -A<f>*/kT 

1= 7 e e e 



(7) 



The objective of this section is to calculate A(f>% for 
a linear homopolymer in an appropriate manner, and 
to indicate certain restrictions that may apply to 
this quantity. Two types of nuclei relevant to the 
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problem of homogeneous nucleation in linear homo- 
polymers will be considered in detail. The first of 
these deals with a cylindrical nucleus of radius r and 
length /, where there is no restriction on either r or /. 
The theory given for this model will prove to apply 
between T c , and T m , where T c is not too far below T m . 
The temperature interval T c < T< T m is called region 
A. The second model deals with a cylindrical nucleus 
of fixed length / and variable radius r. The theory 
given for this case is applicable between T CC <T<T C , 
where T cc is a temperature estimated to be well 
below T m . This temperature interval is denoted 
region B. Finally, brief mention is made of the 
properties of a nucleus of fixed length /o, and a 
radius of molecular dimensions, r . This model 
applies below T cc , region C. The derivations are 
given in somewhat more detail than is customary in 
order to clearly bring out the nature of the approxi- 
mations used. In particular, consideration is given 
to the possible effect of edges, and to the relative 
importance of the two surface free energies 
encountered. 

Region A: no restriction on length or radius oj nucleus 
We choose as our model for the calculation of A</>* a 
cylindrical nucleus of length /and radius r, where the 
polymer molecules are assumed to be normal to the 
radius (see figure 7a and 7b). The chain molecules 
are assumed to be normal to tin 4 radius because this 
is the most reasonable manner for a bundle-like 
nucleus to form spontaneously from an array of linear 
molecules. In constructing the nucleus in this man- 
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Figure 7. Models of the 'primary and secondary nuclei. 

(a) Schematic diagram showing orientation of polymer chains in primary 

(homogeneous) nucleus. 

(b) Model of primary nucleus of radius r and length / (region A) or /o (region B). 

(c) Model of secondary (growth) nucleus of radius p and length Xo on end 

surface of crystallite of radius 7. 



ner for a bulk phase, we follow the general ideas used 
by previous workers [5,6]. We have deliberately not 
proposed a nucleus involving folding of a single chain 
back on itself forming a loop, since the formation of 
such a nucleus is in our estimate very likely ener- 
getically less favored for a bulk phase than the type 
proposed; nuclei involving folding of chains would 
seem more appropriate for the case of extremely 
dilute solution where only segments of a single 
polymer chain are apt to be involved in the primary 
nucleation event. An analysis of the properties of 
nuclei that start with chain folding will be given in a 
subsequent publication. 

Certain energy quantities are needed to describe 
the work required to form a cylindrical nucleus. The 
surface free energy on the lateral surface of the nu- 
cleus is a s , and the surface free energy on the end is 
denoted ov 6 The quantity A/ is defined as the bulk 
free energy of fusion of crystal per unit volume. 
(<r s and <r e are in erg cm" 2 , and A/ is in erg cm -3 ). 
Further, we define a quantity e as the circumferential 
residual edge free energy, expressed in erg cm" 1 . 
Although e will prove not to play a significant role in 
the particular data to be analysed, circumstances 
may conceivably arise where the effect of e will be- 
come noticeable. The consideration of effects arising 
from the edge phase is theoretically justified, since 
in a system consisting of an aggregate of linear 
chains, it is simply not possible to construct a nucleus 
of the required type that contains no edge, or a con- 
tour that acts like an edge. Note especially that e, 
as defined here, is not the work required to build 1 
cm of edge phase, c,\ but is instead a residual quan- 
tity that depends on certain differences that would 
reflect any unusually large values of r> (or W3). 6 
The residual edge free energy is thus introduced in a 
manner that does not complicate the customary 
definitions of either c s or tr ? , and which permits it 
to be ignored under many circumstances. 

For the above model, the free energy of formation 
of the nucleus from the supercooled mother phase is 



A(t) p =2Trr/(T s +27rr 2 o' e +47rre— xrVA/. 



(8) 



The free energy of activation at the saddle point in 
the free energy surface described by eq (8) is ob- 
tained by setting the partial derivatives (DA^/dr)/ 
and (bAQp/d/X equal to zero. In this manner there 
is obtained 



2a^ 
"A/ 



(9) 



• Definitions of a s , <r e , and r e are as follows. Let Wi be the work required to 
isothermally draw a segment of length 4 from the center of the crystal to the 
lateral surface, and let d be'the lattice side-spacing. Then <riF =Wi//^d. If W 2 is 
the work required to move a segment from the center to the middle of the end of 
nucleus then <r e = W 2 /d 2 . Define Ws as the work required to isothermally draw a 
segment from the center of the crystal to the site of the edge phase. Then e, as 
treated here, is approximately ( Wz-Wi-W 2 )/d. (This particular expression holds 
exactly only for a parallelipiped, but is sufficient to indicate the meaning of e). 
Ws and W\ are both large, and Wi is small, so that e will be a very small residual. 
A definition of the edge free energy <$ (as opposed to the residual edge free energy e) 
involving only W% could be given, but its use would have required a re-definition 
of the lateral surface area, as well as other complications, and we have chosen not 
to use it. 



505058—59-- — 7 



79 



for the critical radius, and 






(10) 



for the critical length of the primary nucleus. In- 
serting eq (9) and (10) into (8), it is found that 
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» 8T<T s 2 (<T e +eAf/<T s ) 



Af 



(ID 



The value of A/ in a system with a glass transition 
has been shown [7] to be accurately described by the 
relation 

Aj=(Ah f AT/T m )(T/T m ), (12) 

where T m is the equilibrium melting temperature, 
A h f the heat of fusion at T m in erg cm" 3 , and AT the 
number of degrees the material is supercooled, 
T m — T. The usual expression employed in this con- 
nection lacks that extra factor T/T m , which arises 
from a detailed consideration of the fact that the 
heat of crystallization must drop below the value 
Ah f as the degree of supercooling is increased. Com- 
bination of eq (12) with eq (11) yields the result 



A#= 



SirT m W(a e +eAf/a s ) 
Ah/T 2 AT 2 



(13) 



The question now arises concerning the relative 
importance of the terms eAj/(T s and a e in eq (13). 
This problem can readily be resolved by noting that 



U| ~dcr e 



(14) 



where d is the distance between the chains in the 
crystal (see footnote 6). Thus, eq (13) mav be 
written in the form A(t>* = 8irTJ<T 2 <T e [l + 0(dAf/a s )]/ 
[Ahf T 2 AT 2 ]. Noting that Ah f is about 10 9 erg cm" 3 
for many polymers, and taking <i=5X10~ 8 cm and 
<r,= 10 erg cm -2 , both reasonable values, it is readily 
determined that the term dAf/<r s comes to approxi- 
mately A 2yi00, which will be negligible compared 
to unity if AT is small. Thus, the term containing 
€ in eq (13) will be unimportant near the melting- 
point, but could have an effect at a moderate degree 
of supercooling. However, as will be demonstrated 
shortly, it is probable that even for moderate super- 
cooling a restriction on / will have already entered, 
causing A<f>% to take on an entirely different form. 
Thus, in the temperature range where r and / may 
be regarded as unrestricted, the expression 



A<£*^ 



Ah/T 2 AT 2 



(15) 



gives the free energy of the activated state of the 
primary nucleus to an acceptable approximation. 
This result differs slightly from that usually given 
for the same case [6], because we have here used eq 
(12) for A/, rather than the less precise expression 
Af^Ah f AT/T m . 



Equation (15) may be expressed in the form 
A$*=v*Afl2 where v*, the volume of the nucleus in 
the activated state, is 167r<r s 2 (r e /A/ 3 . 

At this point it is convenient to comment on the 
anticipated magnitude and behavior of a s and <r e . 
The lateral surface free energy, <r s , should be distinctly 
larger than <r e for a model where the polymer chains 
are perpendicular to the radius of the nucleus as 
indicated in figure 7a. The external environment of 
the chains on the lateral surface will be that of 
segments of other molecules in a disordered super- 
cooled liquid phase, while the internal environment 
will be similar to that of a nonpolymeric molecular 
crystal possessing a relatively high degree of order. 
Thus, it is to be anticipated that a s will have a rela- 
tively normal value, corresponding roughly to that 
of a nonpolymeric molecular crystal of the same 
chemical type. Reasonable values of a s would thus 
ordinarily lie in the range 5 to 50 erg cm -2 . On the 
other hand, as the environment of the segments is 
traced along the / direction from the crystal proper 
out through the end, only a relatively small decrease 
in order will be noticed. The result is that we must 
commonly anticipate the condition c s >>cr e . How- 
ever, it is physically impossible for <r e to be identical 
to zero, since this would imply that there was no 
difference in free energy between the end of the 
nucleus and the chains adjacent to it. A molecular 
theory of <r e would very likely have to take into 
account chain stiffness. Another point concerning 
the surface free energies is that they may actually 
be slightly temperature dependent. If the crystal- 
line state tends to become disordered with rising 
temperature, a slight concommitant decrease of a 
is to be expected, but an analysis carried out in the 
customary way assuming that a is constant should 
still be quite accurate. The intervention of a first- 
order crystal-crystal phase transition below T m , 
would, of course, demand special treatment. 

The rate of homogeneous nucleation, that applies 
in region A, where there is no restriction on r or /, 
may be obtained by substituting eq (15) into eq 
(7). Thus, 



J — ^^ e AS* p IR e -AHZlRT e -8TrT m *<T s 2<r e lAh f 2TZAT*kT 
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(T c <T<T m ) 



(16) 



where I A is in nuclei sec -1 cm -3 . In [this expression 
Vi is the specific volume of the supercooled liquid, 
and M the molecular weight of the crystallizing 
segment. AS* is expressed in cal mole _1 deg _1 , 
and AH% in cal mole _1 . For this model, r* is 
2(T S /Af, and to a sufficient approximation, /* is 
4<r e /A/. Observe that the nucleation term is of the 
form exp ( — a/T 3 AT 2 ), where a is a constant. An 
estimate of T c will be given below. 
Region B: length restricted to / , radius unrestricted 7 
The calculation of A<£* for the case where there is 

7 The authors are indebted to Dr. D. Turnbull and Dr. F. P. Price of the 
General Electric Research Laboratory for suggesting the use of this model in 
the present application, and for pointing out certain features of the derivation 
given for A<f> * . 
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a physical restriction on the length of the nucleus, 
so that it is a constant, will now be considered. 
Before proceeding, it will be indicated why considera- 
tion of such i\ model is deemed necessary for a linear 
polymer. The critical Length of the nucleus with vari- 
able r and /is, to the approximation indicated above, 
given by 4o-,/A/. As a result, /* will decrease approxi- 
mately as 1/A7 7 as the crystallization temperature is 
lowered. Now the smallest conceivable length that 
could be incorporated into a nucleus in an elementary 
process would be ca. 2.5X10" 8 cm, which corresponds 
C 

/ \ 

to the C C repeat distance in the zig-zag poly- 

mer chain. Alternatively, the unit of crystallization 
may be larger, and contain a number of such units. 
Either way, a certain irreducible nucleus length, / , 
is certain to exist. At a temperature T c , correspond- 
ing to a degree of supercooling AT C , /* will have fallen 
to a value of / . It is found using eq (10) and (12) 
that 

AT W[m (17) 

to a sufficient approximation. At greater degrees of 
supercooling, eq (15) will no longer be valid, and a 
revised theory that takes into account the fixed 
length, / , must be used. An example will serve to 
show that T c may be close to T m . Taking / = 10 X 10~ 8 
cm, T m =300° K, a e =0.5 erg cmr 2 and A/^=10 9 erg 
cm -3 , AT C is found to be about 10° C. The transi- 
tion between regions A nix I B will, of course, not be 
completely abrupt. 

Consider now the calculation of the free energy of 
formation of a nucleus with fixed length and unre- 
stricted radius. Let the length of the nucleus be / {) , 
and let a s and a- e have the same significance as before. 
(The residual edge free energy e, as defined for the 
model with unrestricted r and /, may be ignored.) 
The free energy of formation is 

A(t> p = 27rr/ {) a s + 27rra e -Trr 2 / Af, (18) 

from which it is determined by setting dA<t) P ldr=0 
that 

~* fas 



This leads to 



A0J 



/ A/-2o- e 

= t(/ (t s ) 2 
/ A/-2o- e 



(19) 
(20) 



If a e is as small as anticipated, / A/ will generally 
considerably exceed 2a e , especially at the degree of 
supercooling that corresponds to crystallization tem- 
peratures below T c . (The minimum value of / A/ in 
region B, which is just at T c , is 4c e ). Thus, at tem- 
peratures ranging from a little below T c to consider- 
ably lower temperatures, eq (20) may be approxi- 
mated as A<j)p^Tr/ cr s 2 /Af, which, on combination 
with eq (12), yields 



A^*^ 



Ah f TAT 



(21) 



To the approximation indicated, r* is given by 
a s /Af. Except for the extra factor T m /T, eq (21) is 
(lie same as that derived by Kahle and Stuart [20], 
who arbitrarily assumed that cr e was zero. 

It should be remarked that eq (21) in no way im- 
plies that <r e is actually zero, but only that it is 
small compared to / A/. There is no fundamental 
objection from either a theoretical or experimental 
standpoint to the proposition that a e may be con- 
siderably less than either a s or / Q Af. s 

The rate. of homogeneous nucleation in region B is 
given bv 



NkT 
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(T CC <T<T C ) 



(T CC <T<T C ) 

where /is again expressed in nuclei sec -1 cm -3 . Here 
M is the molecular weight of a segment of length / . 
An estimate of T cc will be given subsequently. 

From an experimental standpoint, the important 
difference between eqs (16) and (22) is that when 
the length is unrestricted, the nucleation term is 
of the form exp[— a/T 3 AT 2 ], whereas it is of the 
form exp[— fijT 2 AT] when the length of the nucleus 
is / . This difference can lead to an experimental 
decision between eqs (16) and (22). In these 
expressions the constants are a=Sira s 2 (T e T m A lAhf 2 k 
smd0=T/ o a s 2 T m 2 /Ah f k. 

Region C: length restricted to / , and radius restricted 
to molecular dimensions 

In region B it will be observed that the radius 
diminishes with lowering temperature as <r s /A/, or 
approximately as 1/AjT. Eventually, then, r* will 
shrink to molecular dimensions, just as /* did at T c . 
We have (somewhat arbitrarily) chosen a nucleus 
that contains seven polymer chains, i.e., one with 
six "surface" segments and one "interior" segment, 
as the smallest that may reasonably be treated as 
belonging to region B. If the radius of such a 
nucleus is denoted r , it is readily found that the 
degree of supercooling corresponding to the lower 
limit of region B, AT CC , is given to a fair approxima- 
tion by 

&T„st%£f- (23) 

Thus, the calculations given previously for region 
B apply between the temperatures T c and T cc , cor- 
responding to degrees of supercooling of AT C and 

s The view has been expressed that primary polymer nuclei will always have 
a free energy of formation of SirT m 2 y 2 y e /Ah u 2 AT 2 (analogous to our HiraMjAf 2 
with the approximate form Af^Ah/AT/T m ), and this has led to the assertion that 
a primary polymer nucleus with fixed length is of an extremely arbitrary char- 
acter. The origin of this view appears to be the belief that expressions of the 
form of eq (21) can be derived only on the basis ar e =0. A value <r,— would tend 
to imply that the parameter y e =RT\nD in Flory's theory [16, 21 1 was identical 
to zero, and this is generally conceded to be impossible. One of the physical 
reasons for believing t«>0 is very similar to the argument we have given for 
<r e >0. In any event, the derivation of eq (21), which involves a nucleus of fixed 
length, in no way implies that a* is zero, but only that it is small compared to 
/oAf. Thus, neither eqs (20) or (21) stand in contradiction to Flory's theory in 
this' respect, and the concept that a primary nucleus may have fixed length in 
the appropriate temperature Interval is in no way arbitrary. We have left out 
of consideration the possibility that y e , which is the free energy of formation of the 
end of an equilibrium-sized crystallite with a cross-section of p chains, may not 
be precisely the same as the free energy of formation of the end of a primary 
nucleus of the same cross section. 
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ATcc, respectively. At temperatures below T cc , 
region C-type nucleation will prevail. 

A rough estimate of AT CC may be obtained by 
setting T m =500° K, <r s =10 erg cm" 2 , Ah f =10 9 
erg cm -3 , and r =7.5X10~ 8 cm, the latter corre- 
sponding to a polymer crystal with, seven segments, 
each 5 A in diameter. In this case, AT CC ^67° C. 
The estimates of T c and T cc given imply that type B 
homogeneous nucleation should frequently appear in 
the temperature range commonly accessible to 
crystallization studies in polymers. 

We turn now to a qualitative discussion of the 
nature of homogeneous nucleation in region C. It 
is necessary to emphasize the fact that unlike / , 
r is not to be considered as an " irreducible' 7 value. 
The quantity r simply denotes the approximate 
radius of the nucleus of critical size at the onset of 
region C. Actually, an important characteristic of 
region C-type nucleation is that as the temperature 
is lowered further and further below T cc , nuclei with 
radii smaller than r will tend to form. Eventually, 
critical-sized nuclei that contain five, four, or even 
three segments of length / must be expected. It 
will be noticed that the smaller of the region C-type 
nuclei cannot possibly contain a central molecule, 
and may therefore be regarded, at least in a certain 
sense, as partaking mainly of the nature of surface 
states. The "radius" of such small nuclei is, of 
course, ill-defined. 

An important characteristic of region C is that the 
rate of nucleation in this region, I c , will be more 
rapid than would be expected from an extrapolation 
from region B. The excess primary nucleation rate 
in region C is a result of small embryos present in 
the liquid state that are converted to small nuclei 
when the liquid is cooled near or below T cc . This 
effect will lead to an enhanced crystallization rate 
in region C, and deserves brief discussion. At any 
temperature T x in the liquid state, the free energy 
of formation of an embryo always increases as its 
size increases, in contrast to the case of embryos in 
a supercooled liquid where the free energy of forma- 
tion goes through a maximum so that the embryos 
can become nuclei, and finally stable crystallites. 
Nevertheless, numerous small embryos (triads, 
tetrads, etc.) will exist in the superheated liquid 
above T m , and the population of such nuclei can 
be estimated by straightforward methods. (In 
the expressions for A<£, AT simply changes sign above 
T m .) Now when a specimen is rapidly cooled from 
a superheating temperature T x to a temperature 
T 2 in the supercooled state, these small embryos 
will persist. Those that are already the size of nu- 
clei stable at T 2 will in fact represent a source of 
growth centers at t=0, and those that are subcritical 
in size will provide a ready source of critical-sized 
nuclei after some growth. The effect of the presence 
of such embryos will be negligible in region B since 
the nuclei necessary here are sensibly larger than 
the embryos carried down from T x . Near and below 
T cc , however, our calculations indicate that the 
effect of such embryos will considerably enhance 



the rate of nucleation. The injection of these em- 
bryos will lead to rapid crystallization in the upper 
part of region C. This phenomenon is aptly de- 
scribed as a "nucleative collapse" of the supercooled 
liquid state. The authors express the opinion that 
this phenomenon may sometimes be the underlying 
cause of the difficulty commonly encountered in 
preparing amorphous samples of certain crystalliza- 
able polymers by anything but the most rapid 
quenching. At temperatures sufficiently far below 
T cc , the rate of nucleation will have a positive 
temperature coefficient, since here the principal 
deterrent to the growth of the small embryos will 
be the jump rate at the supercooled-liquid — nucleus 
interface. The transition between region B and C 
will almost certainly not be completely abrupt. 

Finally, it is pointed out that the heat of crystal- 
lization, Ah, in region C will be considerably smaller 
than it is near the melting point as a result of the 
fact that this quantity must fall below Ah f in a glass- 
forming system [7]. 

A schematic diagram showing the general type of 
behavior exhibited by the radius and length of the 
critical-sized primary nucleus in regions A, B and C 
is shown in figure 8. The dashed lines on the /* 
curve in region A indicate the temperature range 
where effects due to the discrete character of the 
crystallizing segments of length / may be expected. 
The dashed line in region A on the r* curve denotes 
the range where the transition from r*=o- s /A/ to 
r*=2<r s /Af is not actually smooth as a result of the 
"quantized" nature of /in the same region. Details 
of this part of region A have not been given in this 
paper. The dashed line in the r* curve in region C 
is intended to denote the "radius" of the various 
types of nuclei that will form in that region. The 
fundamental reason T cc is well below T c is that 
<i s is considerably greater than a e , with the result 
that /* reaches molecular dimensions prior to r*. 

In the case where a e is larger than we had pre- 
viously envisioned, and takes on a value where a e 
is close to / O o- s /2r , region B would be entirely absent. 
Then the system would exhibit type A primary 
nucleation down to a transition temperature where 
the type C initiation would prevail. While such an 
effect is certainly theoretically possible, it is believed 
that a e will rarely be so large as to completely 
eliminate region B. 

5.2. Jump Rate at Supercooled-Liquid — Nucleus 
Interface 

Before proceeding to calculate G{T) and Z 2 (T), 
comment on the validity in the present application 
of the jump rate at the liquid-nucleus interface, 
J= (k T/h) exp ( AS */k — AH*/k T) , that appears in 
eq (6) and (7), seems appropriate. In the theoretical 
development of Turnbull and Fisher, it was explicitly 
pointed out that this jump rate referred to short- 
range diffusion of atoms or molecules over a distance 
on the order of magnitude of a few Angstrom units. 
It will be noted that the form of the jump rate 
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Figure 8. Schematic diagram of radius and length of primary 
nucleus in activated state as function of temperature. 

See text for details. 

employed by Turnbull and Fisher is the same as 
that commonly written for the diffusion of an atom 
or molecule from one site to another in a crystal. In 
adopting this form of J in the present application, 
it is thus implicity assumed that the jump rate of 
polymer segments at the interface is of a crystal-like 
character. Although little is actually known of the 
elementary interfacial transport process for either 
ordinary or polymeric crystals, this appears to be 
a reasonable approach. If the crystal-like approach 
is correct for a polymer, it is to be expected, at least 
over a short temperature range, that AS% and All* 
will behave as if they are independent of temperature. 
It is of interest to indicate in the case of a polymer 
w r hat the approximate form of the jump rate would 
be if the viscosity of the supercooled liquid phase 
controlled the interfacial transport process. Accord- 
ing to the simplified but useful approach mentioned 
by Fox, Gratch, and Loeshak [22], the segmental 
jump rate in a supercooled linear polymer may be 
represented as Ji=J§PjPe, where J is a frequency 
factor, P f the probability that a segment has sufficient 
free volume to jump, and P E the probability that the 
segment has sufficient energy to jump. If we use 
the fractional free volume as defined by Doolittle 
[23], we may write P f =exp [— V /{Vi— V )], where 
V is the specific volume of the glassy state at 0° K, 9 



9 Strictly speaking, the Vo used by Doolittle is called the "occupied volume", 
and is denned as the limiting volume to which a real liquid will contract if it were 
to continue to behave as a nonassociated liquid without change of phase all the 
way to 0° K. 



and Vi the specific volume of the supercooled liquid 
or glassy state. P E may be written in the customary 
form exp[— E*/RT] where E* is a heat of activation 
[22]. Thus, J i may be written as J exp[— V /(Vi — 
K )]exp[— E*jRT\. By making use of the remark- 
able viscosity expression discovered by Williams, 
Landel, and Ferry [24], which holds from T g to T g + 
100°, together with the concept that t\ = const. /J/,b 
[22], where rj is the macroscopic viscosity, it is easy 
to show that P f may be cast in the form exp[— 4.12X 
10 3 /R(51.6+T-r,)]. T g is the glass transforma- 
tion temperature. (The constant 4.12X10 3 is pre- 
sumably in calories per mole of kinetic segment.) 
Thus, near and above T g , Ji<xJ exp[— 4.12X10 3 / 
R(51.6+ T-T g )\ exp[-E*/RT], E* is a specific 
property of a given polymer, but the main term, 
P f , contains constants that apply generally to 
glass-forming systems. 10 The important point here 
is that the supercooled liquid jump rate is extremely 
temperature dependent, and becomes very small 
near and below T g . This is illustrated by the fact 
that the overall apparent activation energy of the 
jump rate calculated as E* ajLP =Iidh\Ji/d(l/T) is 
4.12Xl0 3 T 2 /(51.6+:T-7;) 2 +/<;*, a quantity that 
becomes markedly greater as T diminishes. This is 
in sharp contrast to the behavior anticipated for the 
crystal-like model, which treats All* as a constant. 
If data indicated that J, should be used in eq (6) and 
(7) instead of </, the implication would be that the 
segmental jump rate in the liquid played an impor- 
tant role in determining the effective jump rate at 
the interface. It is emphasized that the expression 
given for J x is highly approximate. 

The particular form of the jump rate used in eq 
(6) and (7) is actually fairly unimportant in the 
region where the temperature coefficient of the 
rate of crystallization is strongly negative, i.e., 
where the effect of a nucleation term such as exp 
(-/5/T 2 AT) or exp(— ajTAT*) is dominant. At 
some lower temperature, the jump rate term finally 
overwhelms the nucleation term, and causes the 
temperature coefficient of the rate of nucleation to 
swing strongly positive. It is in this low-tempera- 
ture region that the jump rate essentially controls 
the rate of crystallization, and where it would be 
important to know its precise form. For the present, 
it is assumed that the expression based on the 
crystal-like model of the interface, J=(kT/h)exp 
(AS*/k—AH*/JcT), is adequate in the temperature 
interval where the temperature coefficient of the 
crystallization is negative. 

5.3. Lineal Growth Rate 

The original conception of two-dimensional surface 
nucleation is due to J. Willard Gibbs. Problems 
in this category were treated in some detail by 
Volmer [25], who specifically postulated that crystal 

w The constants in the Williams, Landel, and Ferry equation were derived 
empirically on the assumption that E*=0. An expression that applied even 
above T g -\-l00° might be obtained by using other values of E*. This would 
probably require a slight revision of the constants in the Williams, Landel and 
Ferry expression for vlvrg. The authors gratefully acknowledge a private com- 
munication from Professor Ferry on this subject. 
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growth in low molecular weight materials was a 
result of surface nucleation. The rate at which the 
crystallites grow along the / direction in the present 
case will be treated from this standpoint, and ample 
evidence given subsequently to substantiate this 
approach. For the sake of clarity, greek symbols 
are used to denote the radius and length of the 
growth nucleus. 

The critical-sized primary nucleus discussed in 
previous sections is subject to two types of growth: 
radial, and that which takes place along the / 
direction. It is clear from the seed crystal experi- 
ments with n=l that the growth process is one- 
dimensional, and must therefore refer to that which 
takes place in the / direction. If the major part 
of the crystallinity had been introduced into the 
system by radial growth of disk-like objects, then 
a "seed crystal" experiment would have yielded ft = 2 
rather than n=\. Two other facts are now intro- 
duced. The first is that the free energy surface is 
such that an increase of /, no matter how great, 
will not lead to an increase of stability of a primary 



nucleus if it has a radius of r*. Thus we know that is 
the actual growth center formed from the primary 
nucleus of critical size has a radius ' that must be 
larger than r*. A more detailed theoretical analysis 
indicates that r must be at least several times 
larger than r*. The second fact is that X-ray 
results, to be introduced later, suggest that r is 
probably within a factor of two of a hundred A. The 
conclusion that may be drawn from the above is as 
follows. Once the critical size of the primary 
nucleus is attained, radial growth up to a mean 
radius r, where r is considerably greater than r*, 
takes place in a time that is extremely short compared 
to the generation time r of the critical-sized primary 
nucleus. Thus, the actual homogeneously formed 
nucleation center that is effective in the system has 
a radius *", and a length /* or /$, the latter depending 
on whether the primary nucleation takes place in 
region A or B. The cessation of the rapid radial 
growth (which is almost certainly nucleation con- 
trolled) may be regarded as being a result of edge- 
wise impingements or volume strain. Calculations 
from impingement theory [16] render it highly likely 
that edgewise impingements of thin disks will be 
relatively effective even at a very low degree of trans- 
formation; only an insignificant amount of crystal- 
lization will result from the edgewise growth of 
sufficiently thin disks. It is emphasized that the 
rate-determining step in the formation of the actual 
nucleation center of radius r is the formation of the 
critical-sized nucleus of radius r*. The n=2 



isotherms are a result of the formation of growth 
centers of radius r and length /* or / at uniformly 
later and later dates, and the subsequent one- 
dimensional growth at a rate G in the /direction. 

As indicated above, the rapid growth of the pri- 
mary nucleus in the radial direction, G r =dr/dt, is 
almost certainly nucleation controlled. Its rapidity 
suggests that the secondary radial growth nucleus is 
comparatively easy to form in the temperature range 



of interest here. At sufficiently high temperatures, 
G T could become slow enough to fall in the measur- 
able range. No more need be said of G T for the 
present, since it does not directly lead to detectable 
amounts of crystallization in the particular case 
that we will consider. 

Consideration will now be given to a simple model 
that describes G=d/ldt, the rate of growth in the/ 
direction. It is assumed that a secondary or growth 
nucleus of radius p and a fixed length X forms on 
the end of the crystallite as shown in figure 7(c), 
and that this is the rate-determining step in the 
lineal growth rate. As soon as the growth nucleus 
is formed, the layer of length X is quickly completed 
by radial growth on the face of the crystallite. The 
lineal growth process then continues through the 
formation of a new growth nucleus. The fixed 
length X is, of course, numerically identical to the / 
used in the discussion of homogeneous nucleation, 
but this identity will not be employed for the time 
being. 

The free energy of formation of the growth nucleus 



A<f> g =2irp\ (T s —Trp 2 \ Af. 



(24) 



Observe that no term involving the free energy of 
formation of the end of the growth nucleus is in- 
cluded in eq (24). This results from the fact that 
the total area of end for the entire crystallite is the 
same before as after the formation of the growth 
nucleus. Thus, eq (24) in no way implies that o e is 
zero. Note further that no term in e is included. 
This results from the fact that the residual work 
involved in building the outermost convex edge of 
the secondary nucleus, 2-irpe, will almost exactly com- 
pensate the residual —2wpe involved in forming the 
concave "edge" at the nucleus-crystallite interface. 
Even without such compensation, the effect of e on 
the result would be completely negligible. By tak- 
ing the derivative of eq (24) with respect to p and 
setting the result equal to zero, it is found that 
critical radius of the growth nucleus is 



P*=<Ta/4/, 



(25) 



and on inserting this into eq (24), it is found that 
the free energy of formation of a growth nucleus of 
critical size comes to 



A0*= 



7r\ o 0Y 



A/ 



(26) 



As before, A/ is given by eq (12) . The rate of forma- 
tion of the growth nuclei will depend on an equation 
of the form of eq (7), except that the pre-exponen- 
tial factor is treated in a different way. Turnbull 
[26] has shown that the pre-exponential term is in 
this case \ kT/h. Hence, the lineal growth rate in 
cm sec -1 is given by 

ur=4 — r — e 6 e \^») 

where AS* and AH* are the entropy and enthalpy 
of activation, respectively, of the elementary short- 
range transport process at the growth-nucleus — ■ 
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crystal interface. The factor of 2 in the preex- 
ponential was inserted on the assumption that each 
crystallite can grow along both the +/ and — / 
directions. 

The growth nuclei will not show effects in the 
vicinity of the A->B transition such as occurred for 
the primary nuclei at T c , since X is fixed in both 
regions A and B. Hence eq (27) is valid in regions A 
and B for a polymer that has an n=2 isotherm result- 
ing from sporadic initiation of centers that grow in 
the /direction. At T cc , p* will have fallen to a value 
Po, which is numerically equal to r . Thus, in region 
C, the growth nuclei will tend to resemble surface 
states, but no growth nuclei will be carried down 
from above T m . Thus, the rapid crystallization rate 
postulated in region C is a result of unusually rapid 
primary nucleation rather than unusually rapid 
growth. 

On account of the fact that the growth centers in 
region A will be generated at a greater average dis- 
tance from each other than in region B or C, three- 
dimensional growth of the sporadically born centers 
may develop somewhere in region A. (In some 
cases, three-dimensional growth might begin in the 
upper part of region B.) This will be discussed in 
more detail in section 7. If this occurred, n would 
tend toward a value of 4, and the expressions for G 
and Z would have to be modified. However, up to 
the highest temperature studied, poly(chlorotri- 
fluoroethylene) exhibits an n value of 2.0, with the 
result that we need consider only one-dimensional 
growth in the analysis of the present data. Detailed 
evidence showing that the indigenous mode of 
growth at temperatures at and below ^205° C can- 
not be spherulitic or three-dimensional will be given 
in section 7. 

It should be recognized that A/7* is not neces- 
sarily the same as A/7*, and a similar observation 
holds for ASg and AS*. Also, it is necessary to 
admit of the following possibilities: (a) the crystal- 
like jump rate may apply to G, while that calculated 
from the free volume theory may apply to 7, or 
vice versa; (b) the free-volume jump rate may apply 
to both 7 and G. Nevertheless, the crystal-like 
approximation, with suitable values of A77* and 
AS*, should suffice at high growth temperatures. 
At low growth temperatures where the nucleation 
term is no longer dominant, a decision between the 
various alternatives should be possible, provided 
that precise rate measurements are obtained over a 
sufficient range of temperature. 

5.4. Bulk Crystallization Rate 

The rate constant determining the bulk free 
growth rate, Z 2 , is shown in appendix 9.4 for the 
case of nuclei born at later and later dates that grow 
in a one-dimensional manner to be 



Z*=(rf*/2HVt/VlIG. 



(28) 



and V c the specific volume of the crystal. The 
quantity Z 2 has the dimensions sec -2 , since 7 is in 
cm -3 sec -1 , G in cm sec -1 , and 7 in cm. 

The bulk crystallization rate constant takes on two 
distinct forms depending on the type of homo- 
geneous nucleation. In region A, where r and / 
are unrestricted, combination of eqs (16), (27), and 
(28) yields the result 

Z 2 (A) = 
~ -(AH* p +AH* g )/RT -.&TT m *<r**jAh f *T*AT*kT -irT m ^\ a^lAh f TATkT 

(29) 

(Region A) 

where Z is irr 2 N\JfT 2 IK 2 A~S c exp(AS*/R+ASi/B). 
On the other hand, in region B, w T here /is restricted 
to the value / Q for the homogeneously formed 
nucleus, 

Z o = % -(AH%+AHt)IRT -TT m H/ +\ ),*/Ah f TATkT ^ 

(Region B) 

where Z is the same as quoted for eq (27). If it is 
remembered that / is numerically equal to X , the 
last term in eq (30) may be written in the form 
exp C~2TrT m 2 \ Q a s 2 /Ah f TAfkT). 

6. Application to poly(chlorotrifluoro- 
ethylene) 

Preliminary Analysis of Temperature 
Dependence of Z 2 



6.1. 



Here irr 2 is the area of the growing face of the crystal- 
lite, V\ the specific^volume of the supercooled liquid" 



It will be observed from eqs (29) and (30) that Z 2 
will exhibit a different variation with temperature 
depending on whether the measurements were taken 
in region A or region B. If the homogeneous nuclea- 
tion is of the type postulated for region B, then a plot 
of log Z 2 against 1/T 2 AT should yield an essentially 
straight line. On the other hand, if the homogeneous 
nucleation corresponds to the type postulated for 
region A, a plot of log Z 2 against 1/T 3 AT 2 should yield 
a more nearly straight line than a plot of log Z 2 
against 1/T 2 AT. In all cases, the exponential term 
exp[-(AH*+AH*)IRT] will have but little effect in 
the temperature range where Z 2 has a strongly nega- 
tive temperature coefficient. 

Experimental values of Z 2 and log Z 2 are given in 
table 3. The values were obtained by analysis of 
the isotherms shown in figure 2 using eq (4). The 
time t required for the sample to reach a certain 
degree of crystallinity x w &s measured, and Z 2 
calculated from the relation Z 2 =— t~ 2 \n (1-x). This 
expression was derived using x^^l- I n most cases 
X=0.15 was used, but in others the value x=0-10 
was employed. At such low % values, Z 2 proved to 
be independent of the choice of x- The precision of 
the Z 2 values at T 2 > 180° C is estimated to be about 
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Table 3. Z% as a function of temperature calculated from n- 
isotherms a 



Crystallization 
temperature, Ti 


z 2 


logZa 


°C 
170.0 


see- 2 
b (4.4X10-6) 
4.80X10-7 
1.25X10-7 
2.33X10-8 
3.36X10-8 
3.44X10-10 
6.76X10-12 


b (-5.36) 


180.4 


-6.319 


184.4 


-6.903 


188.4 


-7.633 


192.5— 


-8.474 


195.8 


-9.463 


199.9—. 


-11.170 







*For Ti=305° C. 
b Approximate value. 



5 percent, and that at 72=170° C is believed to be 
better than about 30 percent. 

A plot of log Z 2 against 1/T 2 AT and 1/T 3 AT 2 is 
shown in figure 9. The linearity of the 1/T 2 AT 
plot leaves no doubt that by far the best representa- 
tion of Z 2 is that given by eq (30). This indicates 
that / is given by eq (22). Thus, the experimental 
results pertain to region B homogeneous nucleation, 
where r is unrestricted and the length of the primary 
nucleus is 4>. This is just what was anticipated from 
the rough estimates of T c and T cc . This result, 
when considered together with the fact that the growth 



rate is a nucleation rather than a jump rate con- 
trolled process (see below), also clearly indicates 
that the form of the nucleation term in the expression 
for G, eq (27), is correct with respect to the exponent 
of AT. 

Before proceeding, it is necessary to dispose of 
one possibility that presents itself. It will be noticed 
that if o- e were extremely small, eq (29) would take 
on the same form as eq (30), and then lead to the 
l/T 2 AT-type dependence found experimentally. 
This argument for the correctness of eq (29) in the 
present application is invalid, because such a small 
o~ e value would be associated with a very small 
AT C value, and would in any case clearly put the 
experimental data in region B, i.e., in the range 
where eq (30) is appropriate. 

The finding that eq (30) provides the best descrip- 
tion of Z 2 as a function of temperature is not altered 
by any anticipated uncertainty in T m . The value 
of T m used in calculating AT was 221° C=494.2° K. 
The highest melting point actually observed for a 
sample of this polymer was jT m =218.0° C. This 
result was obtained on a sample that had been 
crystallized a long time and to a high degree of 
crystallinity at a temperature near the melting point, 
a situation which is conducive to formation of large 
unstrained crystallites. The value T" m =218. 0° C 



(l/T 2 AT) XIO 8 




Figure 9. Plot of log Z 2 versus 1/T 2 AT and l/T^AT 2 used in preliminary analysis of Z 2 . 

The Z 2 data shown were obtained directly from the n=2 isotherms (see table 3). AT was calculated using T m =221° C. f The 
dashed line for l/T^AT* shows the best straight line that can be fitted for this type of plot. The solid line for the 1/T2AT plot'Js 
a least-squares straight line. The best fit is obtained with l/WAT, showing that the Z 2 data refer to region B. 
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is, of course, a lower limit for T m . The value T m = 
221° C was obtained by a simple extrapolation 
procedure [12], and is almost certainly correct to 
within ±3° C. 11 Even doubling this error does not 
alter the conclusion that eq (30) rather than eq (29) 
provides by far the best representation of Z 2 (T). 
The basic reasons that a positive decision can be 
reached between eqs (29) and (30) in this case are 
that the Z 2 data are reasonably precise, and that the 
relative error in AT is small owing to the high degree 
of supercooling used. Even if T m is accurately 
known, it would be difficult to differentiate between 
the AT" 1 and AT -2 type bulk crystallization laws in 
the A— >B transition region. 

6.2. Detailed Analysis of I, G, and Z 2 

Equation (30) will be used for the detailed analysis 
of Z 2 . In order to obtain the best value of (/o+^oVs 2 , 
an estimate of AH*-\-AFI* must be made. It has 
been observed in careful dielectric studies that an 
activation energy of 16,000 calories mole -1 holds for 
the principal relaxation time in the crystalline phase 
of poly(chlorotrimioroethylene) [27]. Nearly the 
same activation energy also appears to apply to one 
of the important relaxation times present in the 
supercooled liquid, suggesting a similar segmental 
motion in the two phases. For the purposes of cal- 
culation it will therefore be assumed that A//* 
mole" 1 , so that AH* + AlI* 
With this value, and the value 
of AA r =9.10X10 8 erg cm" 3 derived from Bueche's 
measurement [28] of the heat of fusion of the pure 
crystalline phase, which was quoted as 10.3 cal g -1 , 
it is calculated from eq (30) that 



-AH*= 16,000 cal 
= 32,000 cal mole- 



log Z 2 =log Z 



6996 2.651 X10 12 (/ +XoK 



T 2 AT 



(31) 



Rearranging, it is found that 

T 2 ATlogZ T 2 AT 



(/o+XoK 2 = 



2.651X10 12 2.651X10 1 



T6996 . , „ 1 
(32) 



According to the arguments given earlier, a s should 
be nearly constant with temperature, so that (/ 
+ XoW wm likewise be constant. The analysis is 
then carried out by inserting experimental values of 
log Z 2 into eq (32), and determining the value of log 
Z that leads to a constant value of (/ +X )o- 5 2 . In 
this manner, it is determined that log Z = 16.47 and 
that (/ -hXo)cr s 2 =2.31X10- 5 erg 2 cm" 3 (best values 
obtained by least-squares analysis). Remembering 
that / =\o this gives / er s 2 =\ocr 5 2 =1.15X10- 5 erg 2 
cm -3 . In order to illustrate clearly how the results 
depend on Z , plots of (/ +XoW versus temperature 
are shown in figure 10 for various values of Z . 

Except for AH* + All*, which had to be estimated, 
(4+\>V* 2 obtained in this manner depends only on 

ii An equilibrium melting temperature experiment of the conventional type, 
where very slow heating was used, provided further evidence for believing that 
T m is within the range indicated. 



known constants and the experimental data. The 
value of (/ +X )(T 5 2 is quite insensitive to the choice of 
All* + All*, and the value quoted above may be 
considered a "best" value. 'Flint (/ + X )^ is insensi- 
tive to AH*-\-AH* is illustrated by the fact that an 
analysis of the slope of the log Z 2 versus l/T 2 ATplot 
in figure 9 yields (/ +X )o- s 2 =1.96X10- 5 erg 2 cm" 3 , 
corresponding to the assumption AII% + ^H*=0. 
Use of the Williams-Landel-Ferry (free volume) 
jump rate would lead to a somewhat higher value of 
G6+Xo)0> 2 than that given, but the difference is 
hardly significant from the standpoint of nucleation 
theory. 
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Figure 10. Plots of W+Ao)^ 2 as a function of temperature 
for various assumed values of Z . 
This plot is used in the detailed analysis of Zi(b) to obtain numerical values of 
log Zo and (/o+XoVA The value log Z = 16.47 gives the (/o+AoW value that is 
most nearly constant with temperature. 

The fit to the data of the theoretical curve calcu- 
lated using log Z = 16.47, (/ +X )o- s 2 =2.31X10- 5 
erg 2 cm" 3 , and AH% +AH*= 32,000 cal mole" 1 in eq 
(30) is shown in figure 11. The agreement is highly 
satisfactory. The predicted bend off in Z 2 at low- 
temperatures is due partly to the lowering of the 
jump rate, and partly to the diminution of A/. 

The overall entropy of activation associated with 
the bulk crystallization mechanism, AS*+AS*, may 
be estimated by inserting the numerical value of Z 
into the theoretical expression for Z . If we assume 
that the crystallizing segment consists of four 
monomer units, so that / =X =10~ 7 cm and M 
=4X116.5=466 g mole" 1 , and let r=lX10" 6 cm, 
and V c = 0.473 cm 3 g -1 , it is determined that AS* 
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Figure 11. Log Z 2 (b) as a function of temperature. 

Experimental points obtained from n=2 isotherms •, theoretical curve . 

The dashed lines indicate where region A and C type homogenous nucleation 
may enter. 

+AS*= — 56.8 cal mole -1 deg -1 . The value of r is 
obtained from the work of Franklin, who has esti- 
mated the size of the crystallites using X-ray line- 
width measurements [29]. In carrying out the 
analysis, Franklin assumed that the line-broadening 
was entirely due to crystallite-size effects. This 
assumption means that the figures quoted are 
minimum values. A value of F^200A was obtained 
for : ja specimen crystallized well into stage 2; the 
value relevant to stage 1 is undoubtedly smaller 
(roughly 50A) as Franklin's work on quenched 
samples showed. The nominal value r=100A was 
arbitrarily chosen for purposes of calculation. 
On account of the uncertainty in X and r, as well as 
the fact that log Z depends on the choice of AH% 
+A£T*, the calculated value of AS%+AS* is certainly 
not very accurate. Nevertheless, it is considered 
certain that AS%-{-AS* is strongly negative. This 
result clearly suggests that for a polymer the acti- 
vated state in the elementary short-range diffusion 
mechanism at the interface is less random than the 
initial state, a not unlikely state of affairs. 

It is of interest to estimate the value of <r s . This 
requires that / =X be estimated. If it is assumed 
that this quantity is 10~ 7 cm or 10A, which corre- 
sponds to four monomer units, <? s proves to be 10.8 
erg cm -2 . This choice of / = X is almost certainly 
within a factor of four of the correct one : the smallest 
conceivable value would be 2. 5 A, corresponding to 
C 



the C 



C repeat distance in the chain, while 



the largest elementary crystallizing unit that need 
be seriously considered would correspond to the 
spiral repeat length of 35 to 43A reported for this 
polymer [30, 31, 32]. Thus, the above estimate of 
a s should be within a factor of two of the true value. 
Further, the value <r s = 10.8 erg cm -2 is quite close 
to what one would expect for a somewhat disordered 
halocarbon crystal. Thus, Thomas and Stavely [33] 
quote (7=13.9 erg cm -2 for rotationally ordered 
carbon tetrachloride, and cr=6.67 erg cm -2 for 
rotationally disordered carbon tetrachloride. 

Another point concerning a s is that it leads to a 
reasonable value of a/AH f , which is the ratio of 
the free energy of formation of a certain amount of 
surface phase to the heat of fusion of the same 
amount of bulk phase [26, 33]. Taking cr 5 =10.8 
erg cm -2 , and assuming that the thickness of the 
surface phase, d SJ is one molecule or 5.6A [30, 31] 
thick, <r/AH f comes to 0.21. The usual value of 
this quantity for ordinary molecular crystals is about 
0.3 [33]. The value of a/AH f obtained for 
poly(chlorotrifluoroethylene) is somewhat higher 
than that calculated for certain other polymers [6]. 

A prominent feature of the present data and 
analysis is that X ^s 2 can be estimated directly from 
the n=l seed crystal runs, which are a measure of 
G. This will provide important evidence for the 
validity of the proposed theory of primary and 
secondary nucleation. 

Some of the n~\ seed crystal experiments were 
carried out on identically preconditioned samples 
of polymer that were heated to precisely the same 
T x value, and then crystallized at different growth 
temperatures. The above mentioned pretreatment 
introduced the same number and size distribution 
of seed crystals into each sample. In the case of 
two specimens where n 0j the number of seed crystals 
per unit volume, is the same, and where r is the 
same, 

Zi(i)__Gi_tj , v 

£j\(j) try 1 1 

The subscripts i and j represent two growth tempera- 
tures, t t and tj the times required to reach a specified 
degree of crystallinity at i and j, and Gf/Gj the ratio 
of the lineal growth rate at the two temperatures. 
Equation (33) is readily derived from eq (A-10) 
of appendix 9.3, and the properties of eq (4) in the 
region of superposition. 

The method of analysis is illustrated below. 
There is no way to obtain the absolute value of G 
from specific volume measurements alone, and the 
treatment used therefore deals with the ratio of 
G values. For purposes of illustration we will deal 
with the value of Gt/Gj where i= 196.2° and j=203.9° 
C listed in table 4. The previous history of the 
samples in pair I was identical, as indicated in the 
footnote of the table. Equation (27) is used for 
the analysis of G. Denoting the pre-exponential 
in eq (27) as G Q , and assuming it to be constant, 
and taking AH£= 16,000 cal mole -1 , there is ob- 
tained 
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where i=469.4° K and j= 477.1° K. Taking the « \ 
perimcntal value of Gi/Gj from table 4, it is deter- 
mined from eq (34) that \ o- 5 2 =1.02X10- 5 erg 2 cm" 3 . 

A value of \ a s 2 of 1.08 x 10~ 5 erg 2 cm -3 is ob- 
tained from the other run listed in table 4, where 
i= 191.5° C and j=205.2° C. The previous history 
of the two samples was identical, and is described 
in the footnote of the table. The mean value for 
the two determinations is A <r s 2 =1.05 X 10~ 5 erg 2 
cm -3 which is in good agreement with the value 
1.15 X 10~ 5 erg 2 cm -3 obtained from the analysis of Z 2 , 
i.e., from the data on the n=2 bulk crystallization 
isotherms. The result leaves little doubt concerning 
the fact that the primary and secondary nuclei in 
region B are energetically nearly equivalent, in accord 
with the theoretical deductions given in section 5. 
The value of X o- 8 2 obtained is very insensitive to the 
choice of AH*. 

The ratio G/G can readily be calculated as a 
function of temperature by inserting the values 
AffJ= 16,000 cal mole" 1 and V« 2 = 1.15 X10" 6 erg 2 
cm -3 into eq (27). This particular value of \ (r s 2 is 
used, even though obtained from the Z 2 data, since 
it is based on a larger number of experimental 
points. The resulting plot of log (G/G ) versus 
T is plotted in figure 12. The four points shown 
are those obtained from table 4. 

The experimental results obtained with the 
seeded specimens leave no doubt concerning the 
fact that G has a negative temperature coefficient 
between 191.5° and 205.2° C, and is therefore 
nucleation controlled in this region as postulated. 
This result also certainly holds for growth tempera- 
tures somewhat above and well below this range. 
At least in this case, then, it is well established 
that it would have been in error to assume that G 
was everywhere diffusion controlled, i.e., possessed 
a positive temperature coefficient as for G^G exp 
{-ElIRT). 

The ratio I/I is now determined. It will be 
observed from eqs (22) and (27) that I/I , where 
I Q ={NkTlhMVi) exp(AS*/#), has precisely the 

Table 4. Relative values of G for T X = 215.6°C from n=l 
seed crystal isotherms a 



Growth 
temperature, 


Time required 
to reach 
x=0.15 


Ratio of 

growth rates, 

GilGi 


° C 
T /196.2 
1 \203.9 
n fl91.5 


sec 
9.30X102 
6.90X10* 
2.43X102 
3.81X10 8 


1 #196 .2" _„, 
J #203 .9° 

} ^ 9,5 ° =1570 

G205 .2° 




TEMPERATURE , 



a Previous history prior to heating to 215.6° C: n=2 run carried well into stage 
2 with Ti=305°, T 2 =188° C for pair I, and Ti=305°, T 2 =180° C for pair II. 



Figure 12. Log Ib/Io and log G/Go as a function of temperature. 

The experimental points • refer to G/Go values obtained from the n= 1 isotherms. 
The dashed portion of the curve shows where the theoretical curve for Ib/Io may 
become invalid owing to the onset of region C type primary nucleation. 



same form as G/G . If All* is set equal to A//*, 
then the plot shown in figure 12 for log- G/G is valid 
for log I/I as well, and has been so labelled. The 
plot of log I/I applies in region B only, so I=I B - 

It should be realized that the determination of 
the actual values of Z 2 as a function of temperature, 
together with our direct knowledge of the relative 
values of G as a similar function, is tantamount to 
an experimental determination of the temperature 
dependence of /. This is a result of the fact that 
Z 2 is proportional to IG. Thus, the values of log 
I/Io in the interval 191 to 200° C shown in figure 12 
may for all practical purposes be regarded as experi- 
mentally determined. The error at somewhat higher 
temperatures, as well as that down to 170° C is 
probably small. The log I/I Q versus T curve plotted 
in figure 12 cannot be reproduced even for a restricted 
temperature interval using eq (16) with any choice 
of c s 2 c e . Only eq (22), which has a l/T 2 AT-type 
dependence on temperature, can reproduce the data. 

6.3. Dimensions of the Nuclei and Crystallites 

In region B, the radius of the primary nucleus 
of critical size is given by r*=a s /Af. Calculations 
using the previously mentioned value of a s give 
r*=12.8A at 170° C, and r*=29A at 200° C. Thus, 
the activated state contains segments from about 
20 polymer chains at 170° C and about 100 chains 
at 200° C. The critical radius of the secondary 
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nucleus, p*, is the same as r*. Remembering that 
/ = A ^10A, both the primary and secondary nuclei 
of critical size will always have the physical ap- 
pearance of a flat cylinder, or platelet, since r*^>/ 
and p*>X . 

The crystallites in poty (chlorotrifluoroethylene) 
have a "grown" radius in stage 2 of about 200 A, as 
determined by X-ray studies [29]. The mean radius 
to which the primary nuclei rapidly expand in stage 
1 before they begin to grow slowly at a rate G along 
the /direction is less than in stage 2. As indicated 
earlier, r is roughly 50 A in the early stages of the 
crystallization, though it must again be pointed out 
that the estimates of 7 depend on the assumption 
that the X-ray line-broadening was solely due to 
crystallite size effects; the existence of disorder in 
the crystal could cause the estimates of r to be too 
low. In any case, the primary nucleation event 
leads to growth centers that are platelets with 
radii which are nominally 50 to 100A, and with 
a thickness (called / in our notation) of about 10A. 
The mean length to which these grow, /, cannot be 
accurately determined from the present data, since 
in the region of superposition, 



-^Gt_ Gx n/2 
/ ~ 2 ~ 2Z 2 1/2; 



(35) 



and absolute values of G are not available. It would 
probably be reasonable to assume that /was of the 
same order of magnitude as r, but nothing in the 
present treatment renders this certain. It would 
appear to be reasonably certain, however, that the 
length of most of the crystallites does not exceed 
500 to 1000A, since otherwise the n=2 samples 
would scatter more visible light than they do. It is 
of some interest to note that the predicted shape of 
the "grown" crystallites in the bulk polymer is in 
a general sense roughly cylindrical (plate-, drum-, or 
fiberlike) with the long axes of the polymer molecules 
normal to the radius, and that this does not depend 
on special mechanisms such as chain folding. Im- 
pingement theory requires a distribution of lengths 
and radii for the grown crystallites. 

When the rate of primary nucleation in regions A 
and B is considered in relation to the rate of growth, 
together with the nature of impingements, it is 
readily seen that the mean size of the "grown" 
crystallites will be smaller in region B than in region 
A. Thus, the A— >B transition should be accom- 
panied by a decrease in crystallite size that is de- 
tectable by X-ray methods. The temperature de- 
pendence of the "grown" radius should bear a re- 
semblance to the r* curve in regions A and B shown in 
figure 8, except of course, that the scale of the abscissa 
will differ in the two cases. A similar effect would be 
noted at a B-^C transition. If region B is absent, as 
for <T e =/ <T s /2r , a noticeable drop in mean crystallite 
size would appear at the A— >C transition. The crys- 
tallites formed in region C will be extremely small. 



6.4. Regions A and C 

The present theory of homogeneous nucleation and 
growth would be strengthened further if it could be 
shown that nucleation typical of regions A and C 
existed in poly (chlorotrifluoroethylene). 

Definite evidence of an anomaly in the bulk 
crystallization rate below 170° C ascribable to region 
C-type nucleation has been obtained. Cooling rate 
studies carried out with thermocouples embedded in 
sheets of poly (chlorotrifluoroethylene) indicated that 
if they are first heated to 305° C and then plunged 
in ice water, specimens ~2mm thick can be cooled 
through the temperature interval 170° to 120° C in 
five seconds. According to the theoretical curve 
shown in figure 12, Z 2 ( B ) never becomes more than 
about three times greater than it is at 170° C at 
any lower temperature. If this theoretical curve 
were applicable at such temperatures, a simple 
calculation shows that it should be easy to quench 
samples of the polymer that are ^2mm thick into 
a practically completely amorphous state using the 
technique indicated. On the contrary, specific 
volume measurements on clean samples ^2mm thick 
that had been quenched in ice water from 305° C 
invariably showed that they possessed % values close 
to 0.39. This meant that they had completely 
traversed stage 1 in five seconds or less somewhere 
between 170° and about 120° C. (It can be shown 
experimentally that crystallization temperatures 
lower than about 120° C need not be considered 
(see below)). These results can only be explained 
by a log Z 2 value that is at least three decades higher 
than the theoretical one somewhere between 170° 
and 120° C. Our conclusion is that there must exist 
between 120° and 170° C a region of rapid cystalliza- 
tion that is not to be identified as belonging to 
region B. This conclusion can be shown to hold 
even if a value of AHp + AH*=0 is used in the 
analysis of Z 2 . Furthermore, the value of Z 2 between 
120° and 170° C estimated from the quenching 
experiments would appear to be too large to be 
reconciled even with any reasonable visual extrapola- 
tion of the Z 2 ( B ) data actually observed between 170 e 
and 200° C. It may therefore be concluded that 
the rapid type of nucleation postulated for region C 
exists in this polymer, and that T cc — 145 ±25° C. 
The T cc value estimated from eq (23) with 0-5= 10.8 
erg cm -2 and r = 8.4X 10~ 8 cm, the latter correspond- 
ing to a primary nucleus with seven segments, is 
about 150° C. 

In passing, it should be remarked that it is possible 
to obtain highly amorphous specimens by quenching 
sufficiently thin films. For instance, a film 0.12 mm 
thick gave x=0-10 when heated to 250° C and then 
plunged into ice water. Samples of this type begin 
to crystallize slowly when reheated to 100 to 120° C; 
this suggests that the rapid crystallization charac- 
teristic of region C must take place above 120° C. 
Clean films 0.03 mm thick, when quenched in a 
similar way, should be less than 1 percent crystalline. 
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The asymptotic specific volumes obtained by quench- 
ing various tliin films have given additional 
support to the validity of the expressions for Fjand 
V g obtained in a previous investigation [2], 

Another point of interest here has to do with two 
effects that may limit attempts to observe the 
existence of C-type oucleation in other- polymers. 

For any reaction that has a negative temperature 
eoefficient, such as the nucleation or growth process 
in region B, the heat liberated in the reaction will 
often not be conducted to the external medium 
witli sufficient rapidity, with the result that the 
reaction will tend to slow down. This will cause 
the rate of reaction, when plotted as a function of 
temperature, to possess a broad plateau rather than a 
sharp peak. This effect is well-known in crystalliza- 
tion mechanisms [26]. In such a case, a considerable 
portion of the low-temperature part of the rate 
eurve belonging to region B — as well as the transition 
to region C — will not be directly observable. Be- 
cause of the remarkably low heat of fusion involved, 
and the comparatively modest rate of crystalliza- 
tion in region B, this obstacle did not arise in the 
ease of poly(chlorotrifluoroethylene), but it is to be 
anticipated in other cases. In some polymers, the 
A->B transition may be obscured by a high rate of 
crystallization. 

Another circumstance that may cause region C 
to be unobservable is the following. It may happen 
that the rate of crystallization in region B will have 
already gone through its maximum, and thus become 
immeasurably slow prior to the transition to region 
C. This will tend to occur for polymers where 
<r s /Ah f r is large. 

No evidence of the existence of region A was 
found, but this is almost certainly because measure- 
ments were not made sufficiently close to T m . 
The present work indicates that T c is above about 
205° C, which implies, through eq (17), that <r e is 
less than about 0.75 erg cm -2 . Even if T c were just 
at 205° C, crystallization studies of considerable 
duration would be necessary to obtain the Z 2 values 
characteristic of region A. Even a search for the 
onset of region A-type homogeneous nucleation in 
this polymer is not a particularly inviting prospect 
because of the long experiments that would be 
involved. 

6.5. Summary of Results 

It is convenient at this point to summarize the 
essential results pertaining to the theory of /, G, and 
Z 2 , and the prediction of the stage 1 isotherms. 

In the temperature range 170 to 205° C, which 
is in region B, the cylindrical critical nucleus has a 
fixed length / and a variable radius r*=a s /Af. The 
fundamental physical reason that a fixed length 
/ Q must be used is that in a higher temperature 
region, A, the critical length /* decreases approxi- 
mately as 1 1 AT y and therefore falls toward a mini- 
mum dimension 4; /* approaches / at a relatively 
high temperature, T C} because of the smallness 
of a e in the expression /*=4o- e /A/. The existence 



of an irreducible segment length / is demanded by 
the discrete character of the links that comprise 
the linear polymer chain. Region B commences 
when /* reaches / , and comes to an end at a much 
lower temperature, T cc , where the critical radius 
of the nucleus, r*=<r,/A/, falls to a value of molecular 
dimensions, r . The wide range of temperature 
encompassed by region B is a result of the fact that 
cr a is considerably Larger than a e . 

The rate of injection of the nuclei into the super- 
cooled liquid phase in region B is given by 



J B = J e - A KI RT e -*T m *foS/6h f TATkT t 



(36) 



The homogeneous nucleus arises spontaneously at 
random times and positions in the supercooled 
liquid as a result of alinement of segments of dif- 
ferent polymer molecules. The last term in eq 
(36), i.e., the nucleation term, dominates the tem- 
perature dependence of / in the experimental range 
studied. The term exp(— Allp/HT) controls the 
short-range diffusion process at the supercooled- 
liquid — nucleus interface. The critical nucleus 
grows in a radial manner up to a mean radius r 
in a time that is very short compared to its own 
birth time. Here it stops growing radially due to 
impingements or volume strain. Thus, the actual 
homogeneously induced nucleation center lias a 
radius r and a length / , where r>/ - It thus re- 
sembles a platelet or flat cylinder, where the long 
axes of the polymer molecules are normal to the 
radius. An equation differing from (36) because 
it is based on a nucleus with unrestricted / will 
apply near T m . 

The homogeneously injected nucleation center 
grows along the /direction, i.e., the platelet thickens. 
The lineal growth process by which the platelet 
thickens is controlled by a secondary or growth 
nucleus of radius p* = <r s !Af and length X . (The 
quantity X is numerically equal to / .) The lineal 
growth rate is given by 



G= Go e-AH;/RT e -TT m 2\ <r a 2/M f TATkT. 



(37 



The temperature dependence of G is controlled by 
the nucleation term in the experimentally accessible 
range, so that G, just like /, has a negative tempera- 
ture coefficient. The lineal growth process eventu- 
ally stops, or at least slows down markedly, as a 
result of impingements at the pseudoequilibrium 
degree of crystallinity, Xm- 

The overall crystallization rate is proportional to 
the area of the growing crystal face, the rate of in- 
jection of nuclei, and the lineal growth rate. The 
quantity Z 2 in the expression x'=Z 2 t 2 , which is that 
appropriate to one-dimensional growth of objects 
born sporadically in time, is thus proportional to 
7rr 2 IG. Hence 

Z 2 B =Zq e -(* H Z+A H P/ ET e -* T m 2 (A+*o)°s 2 !MfTATkT t Qg) 

Z 2 is directly measurable from the n=2 isotherms, so 
that (/o+A )o\ s 2 can be evaluated. The nucleation 
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exponent in G can be determined from the n=l 
seed crystal isotherms, and X o- 5 2 also evaluated 
directly. This latter value proves to be very nearly 
the same as the X o- S 2 value calculated from the Z 2 
data using / =X . Thus, the nucleation exponents 
in eqs (36 to 38) are shown to be in the ratio 1:1:2, as 
required by the theory. This provides a strong 
argument for the validity of the present approach. 
The original n=2 isotherm data up to x=0.3 can 
be reproduced extremely well by inserting values of 
the appropriate parameters gathered together in 
table 5 into eq (38), calculating Z 2 as a function of 
temperature, and then calculating the isotherms for 
each temperature using the expression x=[l—"exp 
(— Z 2 t 2 )], i.e., eq (4) with x«*=l« Furthermore, the 
observed temperature dependence of G can be repro- 
duced by using the appropriate input data with 
eq (37). 

Table 5. Input data and summary of results 



Quantity- 



Value and units 



Remarks 



Input data 



T m 


494.2° K 


From melting point studies [12] 


Vc 


0.473 cm3g-i 


Mean value for temperature range 
170° to 200° C [2] 


Vi 


0.522 cm3g-i 


Do. 


Ahf 


9.10X108 erg cm-3 


Calculated from Bueche's value 
Ai7/=10.3 cal g-i [28], and V c 


ah;+aii 


32,000 cal mole- 1 


From dielectric data [27] 


AH* g 


16,000 cal mole-i 


Do. 


/o,Xo 


10X10-8 cm 


Based on assumption crystallizing 
segment contains 4 monomer 
units 


M 


4X116.5=466 gmole-i 


Do. 


r 


~100X10-8cm 


From X-ray data [29] a 


d 


5.6X10-8 cm 


From X-ray data [30, 31] 


ro 


8.4X10-8 cm 


For nucleus containing seven 
segments 





Results 




(/o+Xo)<r.2 

/<*r a 2 

Xo<r s 2 

Xo<7s 2 

log Zo 

as;+as* 

ajAHf 


fl.96X10-5erg2cm-3 
\2.31X10- 5 erg2cm-3 

}l. 15X10-5 erg 2 cm-3 

1.05X10-5 erg 2 cm-3 

16.47 

— 56.8 cal mole-i deg" 1 

10.8 erg cm- 2 

0.21 

J12.8X10-8 cm at 170° C 
\29X10-8 at 200° C 

> 205° C 

<0.75 erg cm -2 
/145±25° C 
\~150° C 


From Z 2 data with AH;+AH|=0 
Best value from Z% data (AH* 
+AH"*=32,000 cal mole" 1 ) 

Best values from Zi data calculated 

as (/o+Xo)cr« 2 /2 
From G data 
Best value from Z 2 data 

Do. 

Do. 


r* 


For<r s =10.8erg cm" 2 


Tec 


Based on T e 
From quenching studies 
For o- a = 10.8 erg cm- 2 , ro=8.4 
X10-8 cm 



a The^quantity r is about 50A in stage 1, and about 200 A in stage 2. All val 
ues of r quoted in the paper were calculated on assumption X-ray line 
broadening was a result of crystallite size effects. 

7. Bulk Crystallization and Spherulitic 
Growth 

The principal objective of this section is to dispel 
any notion that the intrinsic bulk crystallization 
process in poly (chlorotrifluoroethylene) is of a 
spherulitic character, or in any other manner involves 
spherical growth, in the temperature range studied. 
The remarks given below concerning the absence of 
indigenous spherical growth in this polymer thus 



refer specifically to region C, and region B up to 
^205° C. The possibility that intrinsic spherical 
growth may develop in region A will also be dealt 
with briefly. 

It was demonstrated in section 3 that when poly- 
(chlorotrifluoroethylene) is crystallized subsequent 
to strong superheating, the bulk crystallization 
accurately follows an n=2 law. This value of n is, 
of course, inconsistent with spherical growth gen- 
erally; the latter leads to n=3 for objects born at 
£—0, and n—4t for objects born sporadically in time. 
However, for low degrees of superheating, the 
isotherms are in fact quite closely representable by 
an n=3 law. An example is the Ti=245° C isotherm 
shown in figure 1. It must be clearly understood 
that the n=3 behavior in such a case is beyond 
doubt connected with the presence of heterogeneities. 
This is shown by the facts that (a) as is evident in 
figure 1, increased superheating leads to slower 
crystallization at a given growth temperature which 
must result from the destruction of embryos in 
fissures in the heterogeneities and (b) that as these 
embryos are progressively destroyed by increased 
superheating, the isotherms go from n=3 asymp- 
totically toward n=2. The only meaning that 
we can attach to the above is that spherical (n=3) 
growth originates only at embryos retained on 
heterogeneities. The above is consistent with the 
idea that the n = 2 isotherm is an intrinsic property 
of the polymer. 

Although the evidence cited above is quite 
sufficient to completely eliminate all forms of 
spherical growth (including the spherulitic) as the 
intrinsic crystallization mechanism in poly (chloro- 
trifluoroethylene) , it is still of interest to prove this 
directly for the specific case of spherulites in order to 
further corroborate the point of view expressed here. 

It has been demonstrated by Price [9] that 
spherulites in this material must originate at hetero- 
geneities. In successive runs, virtually all of the 
spherulites reappeared at the same site. Further, 
Price demonstrated that the number of spherulites 
present in a sample depended strongly on the degree 
of superheating, the number decreasing sharply with 
increased superheating. This shows conclusively 
that the spherulites were born specifically at embryos 
in fissures or pores in the heterogeneities, as Price 
points out. All of the above experimental results of 
Price have been confirmed for the spherulites that 
appear in the specimens used in this investigation 
[10]. In particular, most of them are born near 
t=0 even in strongly superheated specimens. If sphe- 
rulites born near 2=0 were the main seat of the crys- 
tallization in the system the bulk crystallization 
would follow anw=3 law, since the radial growth 
rate is constant with time. 

The fact that the spherulites originate at hetero- 
geneities, and decrease in number with increased 
superheating, is completely in accord with the re- 
marks given above concerning the absence of in- 
trinsic spherical growth generally. As the number 
of spherulites is decreased through the agency of 
increased superheating, the n values characterizing 
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the corresponding- bulk crystallization isotherms go 
from n=3 (or 71 = 3+ if low growth temperatures are 
considered) down to n=2. The value n=2 must 
therefore correspond to the case where (lie effect 
of spherulitic growth is nil. 

Further evidence showing thai spherulites cannot 
be at the root of the intrinsic bulk crystallization in 
the n=2 runs can be given. As indicated in section 
2.1, the specimens for which the reproducible iso- 
therms were obtained actually still contained from 
10 to 30 spherulites/mm 3 even after superheating to 
305° C. While the corresponding isotherms were 
n=2, which eliminates the possibility of the domi- 
nance of spherical growth generally, it was still con- 
sidered of interest to compare the volume fraction 
of spherulites with the known (bulk) degree of 
crystallinity known to be present in such samples. 

It is possible to demonstrate that the volume 
fraction of spherulites in the relatively early part 
of the crystallization of the n=2 specimens lags 
behind the volume fraction actually known to be 
crystallized even when the spherulites are reckoned as 
solid objects [10|. 12 Even a casual microscopic exami- 
nation with polarized light shows that the spherulites 
in poly(chlorotrifluoroethylene) are far from solidly 
crystalline. This is especially true for spherulites 
that are formed at high growth temperatures. In 
the latter case, the spherulites are almost trans- 
parent, and the characteristic maltese cross barely 
discernible, despite the fact that the spherulite 
boundaries are clearly visible. Thus, the volume 
fraction of truly spherulitic material must lag far 
behind the actual volume fraction crystallized. On 
the basis of the above information alone, it can be 
concluded that spherulites cannot possibly be the 
seat of the crystallization in the n=2 specimens. 

Another point worth mentioning is that it is pos- 
sible to prepare highly crystalline samples (x>0.60) 
of poly(chlorotrifluoroetnylene) that contain no 
spherulites whatever, and are optically clear [2]. 
Spherulites never appear in this polymer below 
~150°C, even though the 4 necessary heterogeneities 
are present [9]. This may be attributed to the onset 
of region C-type homogeneous nucleation, which 
simply overwhelms the spherulitic growth. The 
optically clear and highly crystalline samples just 
mentioned were made by first "quenching" them 
from 305° C to 0° C, which for samples of the thick- 
ness used amounts to nucleation and growth up to 
stage 2 in region C, and then continuing the crystal- 
lization at a higher temperature in order to take ad- 
vantage of the increased velocity of stage 2 in that 
region (see figure 2) . 

It may be concluded that neither spherical nor 
spherulitic growth is dominant in the intrinsic bulk 
crystallization process in poly{chlorotrifluoroethylene) 
below ca 205° C. The evidence points without excep- 
tion to the fact that the vast majority of spherulites 
found in this substance in the temperature range 
mentioned are to be regarded as artifacts, directly trace- 

12 This finding eliminates from consideration spherulites born at t=0 whose 
crystal content develops as n = 2, hut whose optically apparent volume develops 
as n=3. Spherulites of this type, where the crystal density attenuates with 

growth, ;uc alSO Improbable for the reason that in specimens where spherulites 

born at / = o are extremely numerous, the hulk crystallization follows an //=3 law. 



able to heterogeneities, that can be eliminated to a suffi- 
cient degree by appropriate superheating and selection 
of samples. While the few spherulites that are present 
appear at first sight to be so obviously the seat of the 
c/i/sfalUzation in the n=2 specimens, careful con- 
sideration of the facts proves this to be incorrect. 

The crystallinity in the n=2 specimens consists 
of vast numbers of tiny crystallites that are dispersed 
throughout the polymer. These crystallites must 
possess a distribution of sizes, but the majority of 
them are evidently too small (less than ca.1000 A) 
and randomly oriented to be detected easily with a 
polarizing microscope. The weakly translucent 
appearance of many of the n=2 samples is mostly a 
result of stray spherulites. The intrinsic bulk crystal- 
lization in poly(chlorotrifluoroethylene) in region C 
and region B up to ^205° C resides in the essentially 
optically structureless background. The overall gray 
cast with a somewhat grainy texture that is often 
seen in samples of poly(chlorotrifluoroethylene) with 
a polarizing microscope is due to surface nucleation 
[11], and should not be confused with the ultra-fine- 
grained bulk crystallization which does not scatter 
visible light to a marked extent. The ultra-fine- 
grained crystallization mentioned here is evidently 
of the same general type that is frequently encoun- 
tered in X-ray investigations on other semicrystalline 
polymers. 

The crystallites in the n = l seeded specimens are 
larger than those in the n = 2 specimens, since the 
former samples have a chalky-white rather than 
weakly translucent appearance. This occurs because 
the largest centers arc selected for regrowth for 
samples seeded in the manner described. 

The possibility that intrinsic spherical growth 
may develop in region A will now he considered. 
Although it was not feasible to determine either n or 
the rate of crystallization in this region for poly- 
(chlorotrifluoroethylene), the remarks below are 
nevertheless appropriate in view of the fact that a 
plausible case can be made for homogeneously- 
initiated spherulitic growth near the melting point of 
certain polymers (see for example the work of 
Mclntyre [34], and Mclntyre and Flory [35]). It is 
interesting to note that Flory and Mclntyre achieved 
homogeneous initiation only for filtered samples that 
had been superheated prior to crystallization. 

It will be observed from a comparison of eqs (16), 
(22), and (27) that the ratio of the rate of injection 
to the rate of growth will be much smaller in region A 
than in region B. When this fact is considered to- 
gether with the nature of impingements, it is seen 
that the average (grown) crystallite size will be con- 
siderably larger in region A than it is in region B. 
The authors consider it unlikely, owing to the effect 
of various possible imperfections, that a polymer 
crystal will grow to really large size along the simple 
pattern established for small crystallites. If some- 
where in region A the homogeneous nuclei are formed 
sufficiently far apart, the growth in either the r or / 
direction should often develop as the result of some 
type of imperfection a number of branch points 
prior to impingement, with the result that the 
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growth will become three-dimensional. In this 
event, the isotherm would go progressively from 
n=2 to n=4, the latter corresponding to three- 
dimensional (possibly spherulitic) growth of objects 
born sporadically in time. No detailed consideration 
will be given to the possible origin of the branching 
mechanism, but the following may be mentioned: 

(a) Faults due to chain branching or large chain ends ; 

(b) spiral dislocations; (c) secondary nucleation at 
preferred sites or orientations; (d) evasion of certain 
types of impingements; and (e) preferential primary 
nucleation at certain sites [34, 35]. 

It is conceivable that the tendency toward three- 
dimensional growth could begin somewhere in 
region B, especially if the branches developed early 
in the growth of a crystallite. The point here is 
that the change-over from region B to region A-type 
homogeneous nucleation will not necessarily be 
marked closely by the change of n from 2 to 4, or by 
the onset of intrinsic spherulitic growth as observed 
by microscopic examination. This will be par- 
ticularly true if chain ends are the cause of the 
branching mechanism leading to three-dimensional 
growth, for here the inception of such growth will 
depend on molecular weight. 

Our conclusion is that intrinsic spherical (and 
possibly spherulitic) growth with w=4 is neither 
theoretically forbidden by the present scheme, nor 
even unlikely, especially at temperatures sufficiently 
near T m . Another point that cannot be emphasized 
too much is the probable role of impingements in 
determining the mode of growth of polymeric 
crystals. 

8. Concluding Remarks 

Now that the experimental and theoretical dis- 
cussions of /, G, and Z 2 have been given, and the 
role of spherulitic or three-dimensional growth 
placed to its proper position for poly(chlorotrifluoro- 
ethylene), it is convenient to take up two questions 
that deserve consideration. The first of these has 
to do with the extent to which it may be believed 
that an intrinsic property of the polymer was studied. 
The second deals with the possible application of 
the theory to other systems. 

8. 1 . Evidence for Homogeneous Nucleation 

It was shown by a comparison of the n=\ and 
n=2 results that the primary nuclei must have been 
born at later and later dates. Such behavior is a 
characteristic of true homogeneous nucleation. It 
is also a characteristic of pseudohomogeneous nuclea- 
tion, where growth centers may be born at essentially 
later and later times, at least early in the transforma- 
tion, on flat surfaces that are only slightly wettable 
by the crystalline phase. (Nonwettable hetero- 
geneities are inactive as nucleation centers.) Now 
it is certain from the superheating studies shown in 
figure 1 that some heterogeneities are present even 
in the best specimens, and that they are wettable 
to a certain extent. Therefore, it is necessary to 



consider the possibility that the nuclei that were 
born later and later in time in the n=2 runs which 
were obtained subsequent to strong superheating 
were of pseudohomogeneous rather than homo- 
geneous origin. 

Strong evidence that points directly to a pre- 
ponderance of homogeneous initiation in the n=2 
runs is afforded by the fact that the nucleation 
exponents in eqs (36 to 38) are found experimentally 
to be very nearly in the ratio 1:1:2. This means 
that the a s value in the expressions for /, 67, and 
Z 2 must refer to the same quantity in all cases. If 
the a s value in the expression for / was in fact an 
interfacial free energy of the system crystal + foreign 
substrate, (i.e., of the form o- s /(cos 0), where is 
the contact angle) it could not, in view of the proven 
wettability of the heterogeneities, be so nearly the 
same as the a s value found in the expression for 
G, the latter obviously applying to the supercooled- 
liquid — crystallite interface. The <x s values de- 
termined independently from the Z 2 and G data are 
within 5 percent of each other. The small difference, 
which is in the wrong direction to be explained by a 
cos 6 term in the expression for /, is ascribable to 
the experimental error in Gi/Gj. 

Another point favoring homogeneous nucleation 
in the n=2 runs is that the o- s value obtained is in 
consonance with the observed surface free energies 
of chemically similar but low molecular weight ma- 
terials [33] where the experimental conditions were 
clearly those conducive solely to homogeneous nu- 
cleation. However, this argument is by no means 
conclusive when considered by itself, especially in 
view of the fact that c> s depends on the estimate of / . 

A simple calculation based on the X-ray results, 
and the fact that the crystallites do not scatter light 
to any great extent, show that there must be at least 
10 17 of them in a cm 3 of polymer. Such a result is 
easily understood in terms of the homogeneous ini- 
tiation and secondary growth scheme proposed in 
this paper: the ratio of the rate of injection to the 
rate of growth is such that a very fine-grained 
crystallinity is expected at the point of massive 
impingement. In order to revive the idea that the 
primary nucleation is actually mainly pseudoho- 
mogeneous, it would be necessary to postulate that a 
population well in excess of 10 17 thermally stable and 
very weakly wettable foreign bodies existed in each 
cm 3 of polymer. These foreign bodies would have 
to be very weakly wettable in order to lead to essen- 
tially sporadic initiation, and in order to explain 
the fact that a s was the same when calculated from 
Z 2 and G. The spherulite-producing heterogeneities 
are not only far too small in number, but are also 
much too wettable to be identified with any hierarchy 
of foreign particles capable of leading to pseudo- 
homogeneous initiation of ~10 17 crystallites per cm 3 . 
While we do not completely discount the possibility 
that a set of >10 17 barely wettable and thermally 
stable centers for pseudohomogeneous nucleation 
may exist in each cm 3 of polymer, the existence of 
such a prodigious number of them with such special 
physical properties appears to us rather unlikely. 
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The existence of the ultra-fine-grained crystallinity 
seems more readily explained in terms of a homoge- 
neous initiation mechanism. 

An effect that might be expected in the case of 
pseudohomogeneous aucleation would be a shift of 
n with growth temperature. This would occur as a 
result of a decrease of wettability of the heterogenei- 
ties with falling temperature. The excellent super- 
posability obtained with the 71=2 isotherms attests 
to the fact that n does not shift appreciably with 
temperature. This is also shown by the n values 
listed in table 1 ; within experimental error, there is 
no persistent trend in the data. 

When considered together, the arguments cited 
above provide substantial reason for the belief that 
the injection of primary nuclei in the n=2 runs 
was mostly a result of true homogeneous nucleation. 
It is emphasized that this holds only for those speci- 
mens that were carefully selected so that they con- 
tained a minimum number of heterogeneities, and 
which were strongly superheated prior to crystalli- 
zation. 

The samples of poly(chlorotrifluoroethylene) com- 
monly available usually contain so many heteroge- 
neities that even strong superheating is relatively in- 
effective, with the result that the intrinsic properties 
of the polymer remain hidden in bulk crystallization 
studies on such material. This type of material is 
generally highly spherulitic when crystallized, and 
follows an n^3 bulk crystallization law. 

8.2. Application to Other Systems 

It seems appropriate to mention certain rami- 
fications of the present theory that may have an 
influence on any attempted application to other 
systems. 

One likely deviation from the present analysis will 
be caused by variations in the mode of growth. This 
will have an effect on n, and the analysis of the 
growth rate. It is emphasized again that the value 
n=2, which prevailed in the case of poly(chlorotri- 
fluoroethylene), is intimately related to both the 
nature of impingements and to the relative rate of 
nucleation and growth. The impingements stopped 
the rapid radial growth of the thin disks at r before 
any serious branching took place. The relatively 
high rate of primary nucleation led to early edgewise 
impingement, and the amount of crystallization in- 
volved was negligible because of the thinness of the 
disks. As a consequence, the observable growth 
process was one-dimensional. Such a set of cir- 
cumstances, while possibly common, is certainly not 
to be expected in all crystallizable linear polymers, or 
even in a given polymer over an extremely wide 
range of temperature. 

It has already been pointed out how intrinsic 
spherical growth leading to an n=4: bulk crystalli- 
zation isotherm might develop in region A, or per- 
haps in the upper part of region B if the primary 
nuclei were formed sufficiently far apart. It remains 
to be mentioned how a bulk crystallization isotherm 
with n=3 could prevail under homogeneous nuclea- 



tion conditions. If the radial growth process 
described by G T were of measurable magnitude, and 
the thickening of the platelets along the /direction 
relatively much slower, then an n=3 isotherm 
due to radial growth of disks born sporadically in 
time would result up to the point of impingement. 
Such a condition may be best fulfilled in region A 
where the primary nucleus is rather large, and the 
rate of Injection low. Lengthwise growth of the 
nuclei may tend to be "poisoned" by the advent of 
end-groups that are too large to be accommodated 
even in a disordered crystal. The point here is 
that n=2, n = 3, or n=i intrinsic bulk crystalliza- 
tion may arise depending on the mode of growth. 
In turn, the mode of growth may depend on the 
nature of impingements and the details of chain 
structure. 

A drastic reduction in the lengthwise growth rate 
may occur in polymers that are partially atactic, 
and partially iso tactic (or syndiotactic), and possess 
largo side groups. The primary nuclei would tend 
to form from the isotactic portions of the chain. 
Then, as the lengthwise growth proceeded, atactic 
portions would be encountered. If the lattice 
mismatch was bad, the lengthwise growth would 
probably be greatly slowed down. The maximum 
degree of crystallinity attainable would also be 
reduced. The lattice mismatch would be much 
less serious if the side groups were small. There is 
no evidence of a diminution of the growth rate in 
poly(chlorotrifluoroethylene), or of an unusually 
low limit on the degree of crystallinity. It is 
therefore reasonable to suppose that the polymer 
supplied was either largely isotactic or syndiotactic, 
or that the CI side group was not sufficiently different 
in size from the others to prevent the formation of a 
(rotationally disordered) crystal from the atactic 
polymer. The former possibility seems the* most 
likely. 

In region C, the embryos transported from the 
superheated state will in some cases become nuclei 
stable at £=0. This will cause the n value to be 
lower than it would be in the case of nuclei born 
sporadically in time. Crystallization studies are 
sometimes made by reheating thin quenched films 
to the growth temperature. It would appear likely 
that such specimens would contain predestined 
nuclei, and thus behave, at least in part, like those 
that had been deliberately seeded. This factor 
renders uncertain the interpretation of some of the 
low-temperature rate of crystallization data in the 
literature. 

The use of seed crystals derived from a previous 
crystallization carried out under conditions conducive 
to homogeneous nucleation is an important part of 
the procedure used in the present paper. In general, 
the seed-crystal isotherm should have an n value 
lower by unity than the homogeneously-initiated 
isotherm. The reader is cautioned not to use foreign 
particles as the "seeding" agent, since these will 
frequently induce a spherulitic mode of growth in a 
temperature range where the intrinsic mechanism 
may not be spherulitic. 
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The statement, or at any rate the implication, is 
sometimes found in the literature that, in careful 
work, the intrinsic mode of growth is always found 
to be spherulitic. The present work would suggest 
on both theoretical and experimental grounds that 
no such general concession to the primacy of in- 
trinsic "ft, =4" or spherical growth at all tempera- 
tures be made. As noted previously, homogeneously 
induced spherulitic growth should and evidently 
does exist, [34, 35]. However, the present work 
provides what in our view is an equally credible 
demonstration of homogeneously induced one-di- 
mensional growth leading to n—2 bulk crystalliza- 
tion isotherms. The growth mechanism in this case 
is in fact among the simplest and most straight- 
forward imaginable. We would also emphasize 
again the possibility that homogeneously induced 
disk-like growth leading to n=3 isotherms may 
arise in certain polymers. 

In other presentations, a single expression, usually 
of the general form of I A , is often used to describe the 
rate of primary nucleation in bulk polymers at all 
temperatures below T m . It would be extremely curi- 
ous if I A applied at all temperatures for all polymers. 
The expression for 7 A is derived on the assumption that 
r and/ are unrestricted by any "minimum" molecular 
dimensions. Remembering that the size of the nuclei 
in region A depends on certain surface free energies and 
the temperature, the latter in such a way as to cause 
the nuclei to rapidly diminish in size with an increase 
of AT, and recalling that polymer chains are com- 
monly regarded as having a segmental character, it 
would be surprising indeed if at some temperature a 
restriction from /, and later r, did not require consid- 
eration. In any event, we have shown that effects 
resulting to this general type of restriction enter in 
the case of poly(chlorotrifluoroethylene). 

It would be of considerable interest to carry 
out precise experiments designed to reveal the A— >B 
and B-^C transitions. In carrying out such studies, 
it should be borne in mind that a rapid nucleation- 
controlled growth mechanism may tend to obscure 
details of the primary nucleation, especially in the 
case of two- or three-dimensional growth. Thus, 
for two-dimensional growth, one might have 
Z s ccI A Gf or Z 3 ccI B G 2 r , where G r ^>0) here it would 
be quite difficult to see the A->B and B— >C transi- 
tions experimentally. As one would expect, studies 
on nucleation and growth mechanisms in nonpoly- 
meric systems reveal no A-^B transitions, and the 
primary nucleation follows a AT' 2 law. 

The foregoing covers some of the more obvious 
possible extensions of the present type of analysis, 
and highlights a few of the difficulties that may be 
encountered in any attempted application. Even 
with this, the presentation is incomplete. For in- 
stance, the theory for a bulk homopolymer where 
<r e is comparable to <r s has not been pursued, nor have 
the interesting details of the A->B and B— >C transi- 
tions been fully delineated. Nevertheless, the theory 
given does seem to illuminate certain aspects of the 
intrinsic bulk crystallization phenomenon in polymers 
to the limited extent to which it is now known. 



9. Appendix 
9.1. Derivation of Equation (4) 

From a formal standpoint, the derivation given 
below is based on the treatment due to Mandelkern 
[5], and Mandelkern, Quinn, and Flory [6]. The 
principal reasons for repeating this derivation here 
are (a) to clarify the meaning of Xw (their X w or 
\ w ), and to indicate why it is actually not precisely 
invariant with %, (b) to show how their approach 
may be applied directly to the particular crystalliza- 
tion variable, x, used in the body of the present 
paper, and (c) to indicate the theoretical values as- 
sumed by Xw in several situations of interest. The 
derivation is intended to apply to homopolymers 
that can eventually achieve a high degree of crystal- 
linity. 

Consider a polymer specimen of total mass M . 
Let (LM' C be the increment of mass transformed into 
the crystalline state in a time dt on a free growth basis, 
so that M' c is the mass at time t on the same basis. 
Take dM c to be the actual mass transformed in an 
interval dt, so that M c is the actual mass transformed 
up to t The fraction M c /M is x, and dM c IM is 
dx- It is assumed that M c is less than M' c at any 
given time owing to various retardations to the 
growth, and the depletion of crystallizable material. 
The mass fraction transformed on a free growth 
basis, x' , is M f c /M h . This quantity is called the "free 
bulk growth rate" in the text. 

Define a retardation parameter Xw, where Xw^>0, 
as the mean value of the apparent limiting degree of 
crystallinity in stage 1. This definition is given in 
explicit recognition of the fact that the retardations 
present near the end of stage 1 (or in stage 2) are 
apt to be considerably different than those near its 
inception. Xw will thus be used to deal approxi- 
mately with the retardations in the region where the 
crystallization is ascribable to concurrent nucleation 
and growth, i.e., nearly up to the point of massive 
impingement at Xm- On no account is it intended 
to convey that Xw is, generally speaking, the true 
limiting degree of crystallinity in the system. The 
true limiting degree of crystallinity would by defi- 
nition be an equilibrium state, undoubtedly only 
difficulty achievable in the type of homopolymer 
under consideration, whereas Xw, as defined here, is 
determined by geometric and kinetic factors. The 
connection between Xw and the pseudoequilibrium 
degree of crystallinity, Xm, will be brought out 
shortly, but it is sufficient at this point to indicate 
that these two quantities will not generally be pre- 
cisely the same on account of the expected differences 
in the retardations in the different portions of stage 1. 

In this situation it is assumed that 



dM c =dMc(l-x/x w ), 



(A-l) 



i.e., the actual increment of mass 'transformed in a 
time dt is proportional to the increment of mass 
transformed on a free growth basis times the mass 
fraction of (apparently) crystallizable polymer re- 
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maining. However, in any real case the possibility 
must be recognized that higher order terms in xlxw 
may exist that lead to deviations from the simple 
first-order rate law represented by eq (A-l) . In such 
cases, Xw as defined by eq (A-l) will vary with x> This 
is in fact the type of result obtained by Lauritzen 
[16], who rigorously treated a model where rod-like 
objects born at t = Q at random positions and orien- 
tations in space grew lengthwise until they impinged 
on other growing rods. In a number of cases of 
interest studied by Lauritzen, Xw tended to start at 
a value of Xuko=0.43 and then drop toward a value 
of Xm as the crystallization progressed. Xm depends 
on the scaling factor n r 3 . Here n is_the number of 
nuclei per unit volume at t=0, and r the radius of 
each growth center. Lauritzen's calculations provide 
a theoretical justification for the use of eq (4) or 
(A-4) with Xw being considered as an approximately 
constant and mean value of the apparent limiting 
degree of crystallinity in stage 1. It should be rec- 
ognized that the Xwd) and Xm values computed from 
Lauritzen's theory may be somewhat too low to 
apply exactly in some real cases, since all impinge- 
ments may not actually be effective in stopping 
growth, in cases where n r 3 is such that Xm = Xwu), 
the mean value of Xw may be quite close to x™, but a 
drop of Xw with increasing x is commonly to be ex- 
pected. In the experimentally accessible region, the 
mean value of Xw may generally be expected to lie 
in the range 0<x«><1. The calculations indicate 
that, barring certain effects such as markedly coni- 
cal growth, Xw may in practice safely be assumed to 
lie between unity and somewhat below Xm- A value 
of x^>l is not excluded at very low x, since here the 
crystals may be truly independent, and consume the 
liquid at the free growth rate, so that dM c p±dM' c or 
Xw^>^>l> However, such a contingency will not or- 
dinarily arise in practice. Despite its limitations, eq 
(A-l) may be regarded as an approximate but ade- 
quate way of introducing the effect of retardations 
in the region of superposition. Equation (A-l) is 
certain to fail near and above Xw 

Dividing both sides of eq (A-l) by M , and re- 
membering that dM e /M =dx, there is obtained 



dx 



l-(x/x w ) 
which, on integration, yields 



dM' c 
'' M ' 



x=x a [l—e 



.(i/x„)(a^/m ) 



1. 



(A-2) 



(A-3) 



The quantity M'JM is the mass fraction trans- 
formed on a free-growth basis, x'> and is readily 
calculated for various geometries of growth and types 
of nucleation. It generally takes the form Zt n (see 
below). Therefore eq (A-3) leads to 



x=x w [l-*- a/ *' )7 *l. 



(A-4) 



9.2. Derivation of Equation (5) 
Expand the exponential term in eq (A-4) to obtain 
X=Zt n -(l/2)(Z 2 fx w )t 2n + .... (A-5) 



Now differentiate with respect to t to get 

dxfdt=nZt n - 1 -n(Z 2 /x w )t 2n - 1 + . . ., (A-6) 

and then divide by eq (A-5) and rearrange to find 

n=(t/x)(dx/dt)[l + (l/2)(Z/x w )t n + . . .]. (A-7) 

/ must now be eliminated. Using eq (A-5) to find 
Z=xt~ n (to the required accuracy only the first term 
need be retained), there is obtained 

n=(t/x)(dx/dt)[l + (l/2)(x/x w ) + . . .]. (A-8) 

9.3. Free Growth Rate of Crystallites Born atthe Same 
Time (Heterogeneous or Seed Crystal Nucleation) 

There are n growth centers per unit volume in the 
system, and all are active at Z=0. Then from the 
general formula [5] for the free growth rate, we have 

X'=f|=«oto/F«y(*,0), (A-9) 

where v'(tfi) is the volume of a given crystallite at 
time t. 

One-dimensional Growth: Let r be the radius of the 
rod, which is taken to be of circular crosssection. 
Define G=d//dt as the rate of lengthwise growth of 
the rod. G is taken to be constant at a given tem- 
perature (lineal growth). Then v f (t,0) = Trr 2 Gt, so 
that] 



Mo 



=no(V l /V c )T? 2 Gt=Z l L 
(n=l) 



(A-10) 



Two-dimensional Growth: If / d is the thickness of a 
disk growing radially at a rate G r =dr/dt y and r is the 
radius, then v'(t,0), = ir/ d G 2 t 2 . Therefore, 



H=«o(^i/ V c )w/ d GU 2 =Z 2 t\ 
(n=2) 



(A-ll) 



9.4. Free Growth Rate of Crystallites Born at Later 
and Later Dates (Homogeneous or Pseudohomo- 
geneous Nucleation) 



[5], 



For objects born at uniformly later and later times 



x ' = wr^ Vi, ^£ Iv ' {t ' T)dr (A_12) 



/ is the rate of injection of nuclei per unit volume, 
r the birth time of a particle, where r<t, and 
v f (t,r) is the volume at time t of a particle born at r. 
The quantity Idr represents the number of nuclei 
generated in a time dr. 
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One-dimensional Growth: A nucleus born at r occu- 
pies a volume 7rr 2 G(t-r), since t-r is the time it has 
grown. Hence, for constant / and G, 



\j f rt 

~f=(V t /V c )^IGJ g (t-T)dT 

= {V,/V c )(^r 2 l2)lGt 2 =Z 2 t 2 



(A-13) 
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Bureau Publications 

Energy spectrum resulting from electron slowing 
down, R.T. McGinnies, NBS Circ. 597 {Feb. 1050). 

The process of electron slowing down is described qualit .-it ivrly 
and the resulting energy spectrum defined in terms of differ- 
ential track length. A method developed by Spencer and 
Fano for the calculation of the electron spectra has been 
applied extensively b}^ means of an automatic computer. 
The accumulation of secondary knock-on electrons is in- 
cluded in the calculations and bremsstrahlung losses are 
neglected. Tabulations of differential track length are given 
for aluminum, copper, tin, lead, air, water, bone, muscle, and 
polyethylene (C 2 H 4 ), with up to 17 source energies each. 
Source energies range from 10.46 million electron volts to 
6.438 kiloelectron volts. A tabulation of the probability 
for the production of knock-on secondary electrons is also 
given. These data are an abstract of a much larger tabula- 
tion, printed by the computing machine, which is available 
on loan from the library of the National Bureau of Standards. 

Non-Bureau Publications 

Can the scales of atomic weights and nuclidie 
masses he nnified? E. Wichers, Phys. 'Today 12, 

No. 1,28 (Jan. 1050). 

This paper presents both the chemical and physical points 

of view on the problem of a unified scale of atomic weights 
and nuclidie masses. 

Characterization of the high speed impact be- 
havior of textile yarns, J. C. Smith, F. L. McCrackin, 

and H. F. Schiefer, (Conference Issue) J. Textile 
Inst. (Trans.) 50, No. 1, T55 (Jan. 1050). 

This paper discusses how the impact behavior of textile yarns 
may be characterized in terms of such parameters as tenacity- 
strain data, breaking energy density, limiting breaking 
velocity, and critical velocity. Methods are given for ob- 
taining the parameters from tests involving impact speeds of 
50 m/sec or less. At greater impact speeds strain-wave 
phenomena become appreciable, but the yarn behavior may 
be studied by transverse impact methods. The results of a 
wave theory for transverse impact are given. The theory 
is then applied in a method for measuring longitudinal 
strain-wave velocity, and in two methods for obtaining 
tenacity-strain curves from high-speed transverse impact 
tests. 

Charge-storage pulse-height analyzers for use 
with pulsed accelerators, L. Costrell and R. E. 
Brueckmann, Nuclear Instr. 3, No. 6, 350 (Dec. 

1058). 

Storage type pulse-height analyzers for use with low duty 
cycle pulsed accelerators are discussed and an analyzer 
described that accomodates up to nine pulses in a single 
burst with a resolution of two microseconds. The pulses to 
be analyzed are temporarily stored as lines of charge on the 
face of a cathode ray tube and are analyzed by means of an 
electron beam that detects the charge discontinuity at the 
peak of the pulse. The pulse-height information is then 
permanently stored in a magnetic core memory. 



methyl-, 1,1, -dimethyl-, 1,2-dimethyl-, trimethyl- and tetra- 
methylhydrazine. Heats of formation of the radical ions 
and probable ionization-dissociation processes are tabulated 
consistent with the calculated energetics. Molecular ioniza- 
t ion potentials computed by the use of antisymmetrized 
orbitals are compared with experimental observations. 
Heals of formation of various hydrazyl and methyl amino 
radicals obtained from the appearance potential data permit 
a determination of bond strengths in the methylhydrazines 
and other nitrogen-containing molecules. 

Initial and remanent permeahilily spectra of 
yttrium iron garnet, R. D. Harrington and A. L. 

Rasmussen, Proc. IRE 47, 08 (Jan. 1050). 

The initial permeability spectrum of YIG shows a relaxation 
near 10 mc and a resonance near 150 mc. The relaxation is 
interpreted in terms of a domain wall displacement while 
the resonance is associated with domain rotation phenomena. 
This interpretation is supported by measurement of the 
spectrum in the remanent state. 

Magnetic losses at low temperatures, E. H. Brown 
and J. R. Brennand, Jr., J. AppL Phys. 30, No. 1, 
112 (Jan. 1050). 

The total magnetic losses in a silicon steel transformer core 
have been measured at temperatures from 20° to 273° K 
using a variable-frequency simple-harmonic flux wave with 
magnetic Held intensity amplitudes B m from 2 to 10 kilogauss. 
The hysteresis, or frequency independent, part of the losses 
was obtained by graphical extrapolation. For all field 
intensities this hysteresis loss increases with decreasing tem- 
perature but the relative increase at any temperature is inde- 
pendent of field intensity. At all temperatures the hysteresis 
loss can be represented, within the accuracy of the data, by 
the empirical equation of Steinmetz W h = w(T)B m n . In 
addition, the exponent n in this equation was found to be 
independent of temperature. A figure showing the eddy- 
current, or frequency dependent, part of the losses for 0. 014- 
inch laminations is also included. 

Movements of airglow cells, F. E. Roach, E. Tand- 
berg-Hanssen, and L. R. Megill, J. Atmospheric and 
Terrest. Phys. 13, No. 1-2, 122 (Dec. 1058). 

The possibility of translatory and rotatory motions of air- 
glow cells is examined. Evidence is presented for translatory 
motions in the 100 km region with speeds of the order of 
100 m/sec. Rotatory motions are indicated corresponding 
to a mean period of 5 hr. A broad similarity seems to exist 
between airglow cell motions in the 100 km region and vortex 
cells near sea level. The problem of the mechanism respon- 
sible for the excitation of the oxygen atom to the 1 S state is 
discussed with particular reference to (a) photochemical 
reactions and (b) environmental effects. 

On the hydrogen evolution reaction, R. J. Brodd, 
J. Electrochem. Soc. 106, No. 1, 74 (Jan. 1050). 

A method is given for calculating the rates of electrolytic 
hydrogen evolution on a number of metals. The equations 
given result from consideration of a charge-transfer process 
that is controlled by a quantum-mechanical tunneling mech- 
anism. The agreement of the calculated rates with the 
experimental rates is satisfactory. 



Electron impact studies of hydrazine and the 
methyl-substituted hydrazines, V. H. Dibeler, 
J. L. Franklin, and R. M. Reese, J. Am. Chem. Soc. 
81, No. 1, 68 (Jan. 1050). 

Relative abundances and appearance potentials are reported 
for the principal ions in mass spectra of hydrazine, mono- 



Tables of the speed of sound in water, M. Greenspan 
and C. E. Tschiegg, J. Acoust. Soc. Am. 31, No. 1, 

75 (Jan. 1059). 

An equation and tables for the speed of sound in water are 
reprinted from a recent paper published in The Journal of 
Research of the National Bureau of Standards. 
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The characteristic size of airglow cells, F. E. Roach, 
E. Tandberg-Hanssen, and L. R. Megill, J. Atmos- 
pheric and Terrest. Phys. 13, No. 1-2, 113 (Dec. 

1958.) 

Evidence is presented for the existence of discrete 5577 A air- 
glow cells in the upper atmosphere. Independent analyses 
are based on (a) the comparison of diurnal intensity varia- 
tions in different parts of the sky and (b) the measurement 
of intensity gradients on airglow isophote maps. The 
numerical estimation of cell size is complicated by the fact 
that a single cell is, in general, larger than the region observ- 
able at a given location. The typical airglow cell for the 12 
nights of the study has a diameter of approximately 2500 km. 

The heat capacity of sulfur from 25 to 450°, the 
heats and temperatures of transition and fusion, 

E. D. West, J. Am. Chem. Soc. 81, No. 1, 29 {Jan. 

1959). 

The heat capacity of sulfur (99.999% pure) has been deter- 
mined from 25 to 405° with an accuracy of 0.1 to 0.2% using 
an adiabatic calorimeter. The heat of transition of rhombic 
to monoclinic sulfur is 401.7 j./g. atom at 95.31°, the transi- 
tion temperature at saturation pressure. The heat of fusion 
is 1717.6 j./g. -atom at the triple point, 115.18°. The data 
indicate a previously unreported transition near 101° to 
which an enthalpy change of 1.6 j./g. -atom has been assigned. 
The behavior of the heat capacity of the liquid in the region 
of its maximum at 159.1° has been investigated in detail. 

The night airglow, F. E. Roach, Proc. IRE 47, 267 

(Feb. 1959). 

A phenomenological description of the night airglow is pre- 
sented, reviewing the historical background, and what is 
known about height, temporal and spatial variations in 
intensity, and movements. The very important relationship 
to aurora and evidence for latitude-seasonal effects are 
examined. 

The system magnesium -oxide germanium-di- 
oxide, C. R. Robbins and E. M. Levin, Am. J. Set. 
257, 63 (Jan. 1959). 

The phase equilibrium diagram for the system MgO-Ge0 2 
has been determined by the quenching method. Three com- 
pounds are found in the system: MgO.Ge0 2 , melting con- 
gruently at 1700 ± 20°C; 2MgO.Ge0 2 ; and 4MgO.GeO,, 
which dissociates at 1495 ± 10°C to 2MgO.Ge0 2 and MgO. 
A region of two-liquid immiscibility extends from 8 to 34 
mole percent of MgO. Optical and x-ray data are given for 
the compounds, including a new monoclinic polymorph of 
MgO.Ge0 2 which is analogous to clinoenstatite (MgO.Si0 2 ). 
This polymorph, apparently stable above 1555° C, inverts 
to the orthorhombic form (analogous to enstatite) with 
heating below that temperature. A protoenstatite phase 
was not observed, although a detailed study was not at- 
tempted. Important differences between the MgO-Ge0 2 
and MgO-Si0 2 systems are that no 4:1 silicate compound is 
known and that MgO.Ge0 2 melts congruently at a much 
higher temperature than the incongruently melting 
metasilicate. 
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Basic physics of atoms and molecules, U. Fano 
and L. Fano (John Wiley <& Sons, Inc.. New York. 
N. Y. t 1959). 

Cryogenic engineering, R. B. Scott (D. Van Nos- 

trand, New York, 1959) . 



False negative permanent strains observed with 
resistance wire strain gages, C. J. Newton, ASTM 

Bui. 235,42 (Jan. 1959). 

Irreducible tensorial sets. Book by U. Fano and 
G. Racah (Academic Press, Inc., New York, N. Y., 

1959). 

Local standards laboratories, A. T. McPherson, 
Instr. and Automation 32, No. 1, 92 (Jan. 1959). 

New standards for science and industry, A. T. Mc- 
Pherson, Am. Soc. Quality Control (Fourth Annual 
Quality Control Symp., Southern Methodist Univ., 
Dallas, Tex., Mar. 1959). 

On the numerical integration of periodic analytic 
functions, P. J. Davis, (Book on Numerical Ap- 
proximation, edited by R. E. Langer, University 
of Wisconsin Press, Madison, Wis., 1959). 

Periodicals and serials received in the library of 
the National Bureau of Standards, N. J. Hopper 
and H. W. Reinhart, NBS Circ. 563, 1st Supple- 
ment (Dec. 1958) . 

Propagation of a ground wave pulse around a 
finitely conducting spherical earth from a damped 
sinusoidal source current, J. R. Johler and L. C 
Walters, IRE Trans, on Ant. Prop. AP-7, 1 (Jan. 
1959). 

Some properties of flameproof fabrics, M. W. 

Sandholzer, Am. Dyestuf Reptr. 48, No. 2, 27 (Jan. 
1959). 

Systematic research, A. V. As tin, Ordnance 43, 
No. 233, 741 (Mar. to Apr. 1959). 

Techniques for accurate measurement of antenna 
gain, H. V. Cottony, NBS Circ. 598 (Dec. 1958). 

The day-to-day coordination of IGY observations, 

A. H. Shapley, Proc. IRE 47, 323 (Feb. 1959). 

The riometer — a device for the continuous meas- 
urement of ionospheric absorption, C. G. Little 
and H. Leinbach, Proc. IRE 47, 315 (Feb. 1959). 

The theory of extreme values, J. Mandel, ASTM 

Bui. No. 236, 29 (Feb. 1959). 

The very low-frequency emissions generated in 
the earth's exosphere, R. M. Gallet, Proc. IRE 47, 

211 (Jan. 1959). 

WWV standard frequency transmissions, Radio 

Standards Laboratory, Proc. IRE 47, No. 2, 329 
(Feb. 1959). 
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